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FOREWORD 


This monograph on "Diffusion in Metals and Alloys" is a brief review of 
studies on the most important and general problems of the diffusion of 
metals carried out by V. Z. Bugakov and co-workers. 

Although the works of both Soviet and non-Soviet authors are included, the 
book is based on V. Z. Bugakov's dissertation for the degree of doctor. 

There are two parts. 

Part I. Atomic Diffusion of Metals; 

Part II. Reactive Diffusion of Metals. 

The first and second chapters of Part II were written by V.Z. Bugakov 
and D. Ya. Gluskin. 

This book is of great theoretical and practical interest to physicists, 
metallurgists, and advanced students. 

The life of V. Z. Bugakov, who was a young and gifted scientist, was cut 
short by the Nazi invasion and the siege of Leningrad. 


D. Gluskin 


INTRODUCTION 


Diffusion is one of the most important problems of metallurgy; as it 
influences the melting and solidification of metals and alloys, hot working 
and heat treatment, plastic deformation and recrystallization, etc. 

Diffusion greatly affects the increasingly important processes of 
diffusion coating of metals and alloys. 

The founders of metallurgy, Chernov, Osmond, Le Ghatevion: Roberts - 
Austen, and others took great interest in diffusion. This interest increased 
during the following years, but the study of diffusion on the basis of 
physical theories of the thermal motion of atoms in liquids and in solids 
started only in the twenties, and since then these studies have ceased to be 
purely empirical. By measuring the constants which correlate the motion 
of atoms to their state in the crystal lattice, it is possible to compare the 
results of experiments, and assess modern theories of diffusion which 
involve problems that must be solved experimentally. Today, we can 
attempt to determine certain relationships between the mobility of atoms in 
metals and the nature and structure of these metals, and thus solve more 
general problems. 

This monograph describes the study of some general problems on metal 
diffusion, and is divided into two parts. The first part deals with problems 
of the motion of atoms in a single phase (‘'atomic diffusion"), which leads to 
the formation of solid solutions with a lattice of the solvent metal. It also 
discusses the temperature dependence of the diffusion coefficient, the 
influence of structural factors on the diffusion rate, and the dependence of 
the diffusion coefficient on the concentration of the diffusing metal. 

We believe that these problems are most important, as they largely 
determine the processes of diffusion in metals. 

The temperature dependence of the diffusion coefficient, which relates 
the mobility of the atoms to their position in the crystal lattice, is the 
fundamental problem of diffusion. Therefore, the study of the most important 
factors which determine the temperature dependence of the diffusion 
coefficient is of great practical and theoretical interest. We investigated 
this temperature dependence by making a detailed analysis of the available 
data on metal diffusion. 

The role of the structure of metals in the process of diffusion is not 
less important. Although the influence of structure is undeniable, the 
degree and nature of this influence have not yet been sufficiently studied. 
In this paper we discuss these on the basis of the results of our own 
investigations. 

The last chapter of Part One (onthe dependence of the diffusion coefficient 
on concentration) discusses the applicability of the classic laws of diffusion 


of metals. 


Vil 


Part Two of this book describes studies on the reactive diffusionin metals 
which leads to the formation of new phases with structures different from 
those of the diffusing metals. 

We investigated the most important problems of reactive diffusion and the 
nature, formation, and growth of the phases produced during this process. 

Great attention was paid to the little studied reactions between heat- 
resistant metals and liquid low-melting metals. These reactions occur in 
many processes of metal coating, and are therefore of great practical 
interest. 

In the last chapter of the book we shall discuss the kinetics of the 
reactions between solid and liquid metals taking as an example zinc coating 
on iron. 

The main problems in the study of reactive diffusion were therefore to 
clarify the many factors determining the structure of diffusion layers, to 
find the laws governing their growth, and to develop methods for studying 
the kinetics of technical processes involving the reaction between a heat- 
resistant metal and a liquid low-melting metal. 


Viil 


Part One 


ATOMIC DIFFUSION OF METALS 


Chapter I 


MOBILITY OF ATOMS IN THE CRYSTAL 
LATTICE OF METALS 


§ 1. Atomic diffusion 


Diffusion limited to the motion of the atoms of one metal in the lattice of 
another metal is called atomic diffusion. This type of diffusion can be 
fairly easily interpreted physically, and therefore it has been most widely 
studied. This diffusion leads to the formation of only solid solutions with 
a lattice of the solvent metal. No new phases with a structure different from 
that of the solvent metal can be formed. Hence, it follows that the 
maximum concentration of the diffusing metal in the solvent metal can- 
not exceed the maximum concentration in a solid solution formed at a given 
temperature. 

The quantitative evaluation of atomic diffusion is determined by the 
diffusion coefficients, which characterizes the rate of this process. The 
diffusion process is studied to find ways for quantitatively calculating the 
diffusion coefficients and their temperature dependence. The starting 
point for these studies is the determination of the mechanism of the motion 
of atgms in crystal lattices. 

The simplest case is the motion of atoms of a pure metal in its own 
crystal lattice. 

This case, called self-diffusion, is the starting point for all modern 
theoretical studies on the problem of the diffusion of metals. 


§ 2. Self-diffusion of metals 


The assumption that the motion of atoms of a solid crystal is limited to 
oscillation about their equilibrium position cannot explain a number of 
known phenomena, including diffusion of metals and the electrolytic 
conductivity of salts. Today, we differentiate between two types of atomic 
motion: 1) oscillation about the equilibrium configuration; and 2) motion 
of atoms from one equilibrium configuration to another. This means that 
the equilibrium configuration should be considered as metastable. Itis 
clear that these ideas should be related not only to impurity atoms which 
penetrate the lattice of another metal, but also to the atoms of the same 
metal, irrespective of whether or not it contains foreign atoms. In the last 
case we have self-diffusion. 


Long before these theories were established, in 1877, Chernov /1/ found 
that two pieces of the same metal (iron), with a good contact, become welded 
when heated to 650°C. Later, in -1899, examples of self-diffusion were given 
by Austen /2/. At that time it was difficult to give quantitative experimental 
proof of this phenomenon, because it was impossible to label atoms of the 
Same metal and follow their motion in the crystal lattice. This obstacle was 
overcome in 1920 by Hevesy /3/ and co-workers. 

To determine the coefficient of self-diffusion, they used radioactive 
isotopes of lead. The radioactive atoms can be differentiated from the stable 
atoms of lead. In the method using radioactive atoms the surface of a plate 
of nonradioactive lead (or lead salts, for example, Pbly, PbCl,, etc. ).was 
covered by a radioactive isotope of lead (for example, ThB), and the intensity 
of the radiation was determined by counting the number of scintillations on 
a screen coated with a fluorescent substance, or by measuring the degree of 
ionization of air. 

As the diffusion of the radioactive atoms of lead from the surface into 
the interior of the lead plate increases, the number of scintillations and the 
degree of ionization of air decrease, This decrease determines the rate at 
which the radioactive atom of lead penetrates by diffusion into the non- 
radioactive lead. The coefficient of self-diffusion was calculated from the 
length of the free path of a 8-particle in lead, equal to approximately 
1/30 mm, or fromthe length of the free path of Ra-B particles, about 3+ 10-5 mm. 

The values of the diffusion coefficients determined by the radioactive 
method were accurate to within 10-%cm?/sec. By this method the authors 
measured the coefficients of self-diffusion of lead at various temperatures. 

According to their data, the coefficient of self-diffusion of lead is 
appreciably smaller than the diffusion coefficients of other metals in lead. 

It was found that the temperature dependence of the coefficient of self- 
diffusion of lead is governed by an exponential law, and this was later 
reconfirmed. The temperature dependence can be written: 
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D=5.76-108e 7? om?/day, 


where D is the coefficient of self-diffusion of lead at temperature T (absolute 
temperature), and e is the base of natural logarithms. 
In a general form the equation can be written: 


D = Ae—-WRT, (1) 


As we shall see later, equation (1) holds not only for self-diffusion, but 
also for all types of diffusion of one metal in another that have so far been 
investigated. This equation andits constants are analogous to those derived for 
the rate of unimolecular reactions. The coefficient A is usually called the 
“temperature dependent factor,''* and it is formally equal to the coefficient 
of diffusion at a temperature equal to infinity. The coefficient Q is the 
most important characteristic of the process, called the heat of 'loosening'! 
in analogy to the heat of activation in the theory of chemical reactions. 

The value Q is related to the theory of loosening of the crystal lattice due 
to weakening of the interatomic bonds and to increase in the possible 
migration of atoms from their equilibrium position. 


* As we shall see later this is not quite accurate, 


Equation (1) shows that the heat of "loosening" can be experimentally 
determined from the slope of the curve plotted in InD and 4/T coordinates. 

The papers of Hevesy and co-workers on the self-diffusion of lead were 
followed by a number of theoretical studies on the mobility of atoms in 
crystal lattices. 

However, the development of the theory of diffusion was greatly hampered 
by lack of experimental data, especially in the field of self-diffusion. A 
comparison between the coefficients of self-diffusion and the parameters of 
their temperature dependence (particularly the value of Q) for various 
metals would be of great importance for theoretical research. But until 
artificial radioactivity was discovered, the only metal with a radioactive 
isotope which could be used as a tracer for studying self-diffusion was lead. 

After artificial radioactivity had been discovered, it became possible to 
obtain radioactive isotopes of many metals by bombarding them with heavy 
particles (neutrons, protons, deuterons). Soon after their discovery these 
radioactive isotopes were widely used as tracers in various fields of 
physics, chemistry, physical chemistry, biology and other sciences. 
Attempts were also made to use them for determining the coefficients of 
self-diffusion of metals. 

One of the first studies in the field was carried out by Zagrubskii /4/ of 
the Laboratory of Diffusion of the Ural Physical Technical Institute.. He 
measured the coefficient of self-diffusion of gold at various temperatures. 

Gold was used because experiments on diffusion, even at elevated | 
temperatures, take a long time, and therefore an element must be chosenwitha 
high activity and a long half-life. Radioactive gold, which has a half-life of 
65 hours,is suitable. 

Zagrubskii obtained radioactive gold by irradiating a gold plate for 
10—12 hours in a paraffin vessel containing an emanation and beryllium 
powder. The plate of radioactive gold was electrolytically coated by a layer 
of ordinary gold about 0.01 mm thick., The plate was then placed ina 
furnace and held for a given time at constant temperature. Asa result of 
self-diffusion the electrolytic gold was penetrated by radioactive atoms. 
The number of atoms was found by measuring the B-radiation in separate 
layers which were electrolytically removed in succession. | 

The activity was measured by a Geiger counter. When the concentration 
of radioactive atoms at different distances from the boundary layer was 
known, it was possible to calculate the coefficient of self-diffusion of 
radioactive gold in ordinary gold. | 

Zagrubskii carried out measurements at different temperatures, and 
found the temperature dependence of the coefficient of self-diffusion of gold. 
Like the temperature dependence of self-diffusion of lead, this is governed by 
an exponential law, and can be written as follows: 
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D=1.36-104¢ FR? , 


i.e., the coefficient A is equal to 1.36-104, and the heat of loosening is 
Q = 53,000 cal/mole. 

The self-diffusion of gold was also studied by McKay ere who used a 
method similar to that of Zagrubskii, and found the following temperature 


dependence of the coefficient of self-diffusion: 


51000 
D= 0.87 -108e 4? | 


A = 0.87 - 108 cm’/day, 
and 


Q=51,000cal/mole. 


These results differ little from those of Zagrubskii. 

The self-diffusion of copper has recently been studied also. As a tracer 
Rollin /6/ used the radioactive Cu8§ copper isotope, which he obtained by 
bombardment with deuterons. 

The distribution of the activity after diffusion was measured by 
removing individual layers and measuring their activity by an electrometer. 
Rollin /6/ found the coefficient of self-diffusion at three temperatures, 

and calculated the heat of loosening: 


Q = 61,400 cal/mole. 


The self-diffusion of copper was also measured by Steigman, Shockley, 
and Nic /7/ who used radioactive copper as tracer, obtained by bombarding 
zinc with neutrons. The distribution of radioactive copper after diffusion 
was found from the change in the flux of B-particles. As the coefficient of 
absorption of B-particles by copper was known, the coefficient of self- 
diffusion could be calculated from: 


Q =57,200 cal/mole, 
A=11cm?/sec. 


These results differ somewhat from those of Rollin. 


§3. Principal factors in the development of the 
statistical theory of diffusion 


As we have already mentioned, diffusion in solids and electrolytic 
conductivity in solid dielectrics indicate that the motion of atoms in crystal 
lattices is not limited to oscillation about their equilibrium configuration, 
and a new theory on the motion of atoms in solids was therefore developed. 
The experiments of Hevesy on the self-diffusion of lead confirmed the 
translational motion of atoms of solids and formed the first experimental 
basis for the theoretical development of this problem. 

The first and simplest model of the motion of atoms was given by 
Hevesy, who believed that this motion is the result of an interchange in the 
positions of atoms. 

Braunne /8/ attempted to derive a quantitative theory of thermal motion 
from simple statistical considerations. He assumed that every atom of a 
salt can interchange places with neighboring atoms if the amplitudes of its 
oscillations exceed a certain mean value 75. Atoms with an amplitude r<ry 


are not able to interchange places, but only atoms with an amplitude r>/p. 
The number of such atoms can be found from the equation: 


where £ is the energy of atoms with an amplitude of oscillation rg, and Nis 
the number of atoms per cm®. Hence, the number of atoms which can inter- 
change with other atoms per unit time, and therefore the coefficient of 


diffusion, can be found from the equation: 


E 


Later, Braunne attempted to derive an equation to find the energy E. He 
neglected the asymmetry of oscillations, and derived the following equation 
for this energy: 


E=a?r 


and ar? 


D=Ce *. 


Braunne related the value /» to the value r,, the mean amplitude of atoms 
during the melting of solids, by assuming that ry =6r,, where 6is a number 
close to unity. 

Braunne's formula draws an analogy between diffusion and melting and 
stresses the direct relationship between these phenomena. This agrees 
with Lindemann's theory that melting starts when the mean amplitude 
reaches a certain value directly related to the distance between the centers 
of gravity of atoms. 

-The potential energy of an atom at the melting point is equal to a#r?, and 
also to 3k7,,where 7, is the melting point, and hence: 


2 ? 
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The coefficient of diffusion at temperature T is equal to: 


su, 
Dr=Ce 7 . (2) 


By comparing equation (1) with equation (2) we obtain: 
= 30", (3) 


and thus the Braunne theory indicates that the heat of loosening is 
proportional to the melting point. 

The assumption of Hevesy (taken by Braunne as the basis of his theory) 
that diffusion is caused by direct interchange of pairs of neighboring atoms 
is not completely correct. Thus, it excludes possible individual movement of 
an atom, irrespective of the movement of its neighbors. 


It is also clear that the probability of the simultaneous migration of two 
neighboring atoms is very slight, and also, the electrical conductivity of 
ionic crystals cannot be explained simply by the rearrangement of atoms.” 
As a result, it has been assumed that other types of motion of atoms in the 
crystal lattice are also possible. 

The idea of such types of motion was first introduced by Joffe, and 
became the basis for the quantitative theory of diffusion developed by 
Frenkel /9/. 

According to Frenkel the thermal motion of atoms consists of the 
following processes: 

1. Oscillation of atoms about a regular equilibrium configuration; 

2. An atom (or an ion) with a sufficiently high energy can be shifted from 
its normal position in the lattice site into an "irregular" position, that is 
into an interstice. Frenkel calls this process ''dissociation'' of bound 
atoms. The probability of dissociation of atoms or of ions, or the 
probability of a transition in unit time from the regular position into an 
irregular one is designated bya. 

3. A dissociated atom can oscillate for a long time about its regular 
position before it jumps over the potential barrier into another free 
(regular or irregular) site. 

4. Anioncanjump from its irregular position into another irregular position 
over a distance 6. The probability of this happening is designated by a’. 

5. A dissociated atom can also migrate (probability B) into a vacant 
lattice site (vacancy). 

This process Frenkel calls 'association'' of dissociated atoms. 

6. And finally,a rearrangement of vacancies is possible, since ina 
state of thermal equilibrium a certain number of atoms occupy interstitial 
positions, and therefore there is a corresponding number of vacancies in the 
crystal lattice. The probability that an atom (ion) jumps over the 
potential barrier from a regular position into another regular position is 
designated by a”, 

Frenkel called the process of atoms jumping from one regular equilibrium 
position into another the diffusion of vacancies in the lattice. Both 
processes, the rearrangement of vacancies and the motion of atoms in the 
interatomic space, that is the motion of dissociated atoms, produce a 
diffusion and electrolytic conductivity of crystals. The probability of 
collision between a vacancy and a migrating dissociated atom during one 
second is proportional to n'and n” that is: 


B= ya'n", (1') 


where n’ is the number of vacancies; n” is the number of dissociated atoms 
per unit volume; and vy is the proportionality factor. 

If the dissociated atoms are uniformly distributed in the crystal, then: 
n'=n" and®S=yn'%. If we assume th{t in the general case the variation in the 
number of dissociated atoms with time x can be represented by the 
formula: 

dn‘ ’ ' 
FE = UM — 1°) — y0'9, (2') 


* Since such a rearrangement cannot produce a current in ionic crystals. 


where nis the total number of atoms per unit volume; (n)—n') is the 
number of undissociated atoms; then for a stationary state we have: 


19 ’ Ske 
heaces yn *—--an' —an, =0, 


n 


1 at V a? + Sar (3") 
eee 


At ordinary temperatures and pressures the number of dissociated atoms 
is small compared to the total number of atoms per unit volume, and thus 
the following approximate formula can be written: 


n’ a 
— ~ : gil 
No 170 ( ) 


Frenkel also believes that in analogy with the formula which he derived 
for molecules evaporating from the surface of a solid substance, the values 
of a,a’and a”are related to temperature by the exponential law: 


Uo 


1 RP 


tis the mean time of residence of an atom (ion) in a regular equilibrium 
position; +, is the period of its free (thermal) oscillation; and a)is the work 
needed to remove an atom from a "regular" equilibrium position to an 
irregular position, that is into an interstice. 

A similar formula can be written for @’and @”: 


To assess the factor y it is assumed that pis the effective diameter of 
atoms and that the association of atoms takes place only if the distance 
from the dissociated atom to the vacancy is ssp. Let the dissociated atom 


migrating within the lattice move along a path L before it collides with a 
vacancy. It is obvious that the effective cross section of the atom is equal 


to xp?, and the volume to np°L. Then, the mean length L, the path of the atom 
before collision with the vacancy, will be determined (in analogy to the mean 
path in the kinetic theory of gases) by: 


n”'xp®L = l. 


This mean path L is traveled by the dissociated atom. The atom jumps 


successively through a distance 5, which is the distance between two 
irregular positions and equal approximately to the distance between two 
neighboring normal (nondissociated) atoms in the crystal lattice. The mean 
rate v of the motion of the dissociated atom within the lattice is equal to: 


since it can be assumed that the time for traveling the path § usually — 
coincides with <’.. Consequently, the time for traveling the mean path L will 


be tala yg. If we divide the number of dissociated atoms n’ by ‘, we 


obtain the number of atoms per unit time per unit volume, that is: 


n Nn’ n" rps , ow 
hence: 
sR 
a —- au ® 


Since xp%6 is of the order of magnitude of the volume, we can assume that 
approximately: 
as. |g ~ 
706 == it? where gl. 


Equation (3') can be written as: 


no at ty « 
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In analogy with the theory of the Brownian motion described by Einstein, 
the coefficient of diffusion D’ of dissociated atoms is equal to D=+t—, On 
the other hand, we can assume, like Hevesy, that all a) atoms can participate 
in the interchange of positions, since the final result of this is the same. If 
we designate the coefficient of self-diffusion by D, we obtain: 


Dn=D'n or D=pita== 
No tw Mo” 
l. e. 
53 —UoF Up 
D = Le (5) 
6) IX 
If we assume 
u + uy 7 
—— =u and GT = To, 
we obtain: 
5 a u 
D=——e ‘7, (5') 


Formula (5') was derived by Frenkel, and correctly describes the general 
course of the experimentally found temperature dependence of the coefficient 
of self-diffusion. If we take this dependence in the general form: 


D = Ae-UET, 


then according to Frenkel we assume that the coefficient A is equal to: 
Ae. (6) 


The value A can easily be calculated from formula (6), since $, the distance 
between neighboring atoms in the lattice, and t), the period of natural 
oscillation of the atom (equal to approximately !/,, where v is the maximum 
frequency of oscillation), are known for almost all metals. 

The Frenkel theory does not mention the fundamental magnitude which 
determines the mobility of atoms in the lattice(heat of loosening), which 
means that from the theory it is not possible to calculate this heat from any 
Specific parameters of the solid, and the dependence of this magnitude on 
other physical properties is not indicated. 

To correlate the value Q with other properties of solids and thus make 
it possible to calculate Q,it is apparently necessary to find more 
specific correlations between various types of rearrangements of atoms in 
the lattice, and in particular to solve the question as to which of these types, 
(interchange of positions; rearrangement within the lattice; or vacancy 
migration) is the dominating factor determining the rate of diffusion. 

The Frenkel theory appeared at the beginning of the systematic study of 
diffusion of metals, and at the time when data on self-diffusion were 
available for lead only (those obtained by Hevesy). This hampered further 
development of the theories first proposed by Frenkel. Only recently after 
certain experimental data on the diffusion of metals have been accumulated, 
and the coefficient of self-diffusion of two other metals (gold and copper) 
have been obtained, new attempts have been made to further develop the theory of 
diffusion in the general direction shown by Frenkel. 

One of these attempts was recently made by Johnson /10/. His work was 
based on the fact, proved experimentally, that the heat of loosening during 
self-diffusion is always higher than during impurity diffusion. The author 
bases his study chiefly on the vacancy mechanism of diffusion, and explains 
that the energy of loosening during impurity diffusion is lower than during 
self-diffusion because the vacancies are formed mainly at sites adjacent to 
the dissolved atom. When a vacancy is associated with a dissolved atom 
to form a diatomic molecule, the author describes the possible motion of this 
molecule through the lattice without the formation of new vacancies. On 
the basis of this theory, Johnson writes the formula for the coefficient of 
impurity diffusion as follows: 


_ w+s Qx 


=———7 


D,=Ae RT = Ae RT. 


The author divides the energy of loosening Q, into two parts: w is the 
energy required to form a vacancy, and s is the activation energy required 
to move an atom of the solvent into an adjacent vacancy. 

The theory suggested by Johnson is based on an arbitrary assumption 
on the vacancy mechanism of migration as the only one possible during 
impurity diffusion. The decrease in the heat of loosening can also be 
explained by an intensification of any other type of movement (interchange 
of positions, and interstitial motion) at the sites of the accumulation of 


foreign atoms. In addition, sometimes the bonds between the atoms of 
different metals in the lattice may be stronger than those between atoms of 
the same metal, and thus the fundamental condition adopted by Johnson is 
not applicable. 

The problem of the mechanism of migration of atoms in the lattice could 
not be solved by a statistical approach only to the process of diffusion. 

To solve this problem, it is apparently necessary to use other methods 
also. It would be useful to relate this problem to the deformation phenomena 
taking place in the lattice during self-diffusion, and particularly during 
impurity diffusion. In such a case it is not possible to consider a single 
type of migration as the only possible. It can be assumed that all the 
above types of migration of atoms inthe lattice take place toacertain extent. * 
It is probable that in each specific case there is a dominating type of 
motion. 

Today, we still do not have sufficient experimental data on self-diffusion 
and impurity diffusion of metals to solve the problem on the mechanism of 
the motion of atoms in crystal lattices. We have no data on self-diffusion 
in crystal lattices containing foreign atoms, the influence of the type of 
the solid solution formed on the rate of diffusion, the rate of self-diffusion 
and impurity diffusion at low temperatures, etc. We hope that an 
experimental study of diffusion will lead to new possibilities for the 
development of a theory of this phenomenon. 

Without any detailed study on the mechanism of motion of atoms in the 
crystal lattice, it is possible to derive a formula for the temperature 
dependence of the diffusion coefficient based on the activation energy: 


D = Ae~YAT, 


When solving this problem it is not important which mechanism of 
motion of atoms is taken as the basis, since this does not influence the 
temperature dependence of diffusion. 

The Frenkel-Braunne formula: 


D=A—ORT 


can be obtained from the same general theories, irrespective of the nature 
of the process of the jump of the atom from one equilibrium position to 
another. 

Frenkel /11/ showed that the fundamental factors are the determination 
of the mean duration + of oscillation of an atom about a single equilibrium 
position, and the mean distance § between two neighboring equilibrium 
positions. 

For the time + Frenkel derived the following formula: 


= eV/RT 
where ‘yg is the period of natural oscillation of the atom (value inversely 


proportional to v, the frequency of oscillation) and Q is the activation 
energy of the transition from one equilibrium position to another. The 


* This is confirmed by the existence of interstitial and substitutional solid solutions. 
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mean distance 8 can be assumed to be equal to the distance between 
neighboring atoms. 
If we assume that the mean rate of transport of atoms v is equal to ® and 


the coefficient of diffusion D= = vi(in analogy to the Brownian movement) 


we obtain: 


b2 
6t : 


Braunne obtained this formula in the same way. It should be pointed out 
that this formula was derived by Frenkel for diffusion in both solids and 
liquids. 

Polanyi and Wigner /12/ suggested a somewhat different formula for the 
temperature dependence of the diffusion coefficient in crystalline solids. 
They regarded the migration of atoms from one equilibrium position to 
another from the point of view of the interference of the natural 
oscillations of atoms in the crystal lattice (such processes include uni- 
molecular reactions, dissociation, evaporation, and diffusion). They found 
that the formula 


1 
Tet, kT me — QtlkT 
Vv 


is not very accurate, since it assumes that the amplitudes of oscillation of 
atoms are statistically independent of one another. 

Polanyi and Wigner found that in the case of a one-dimensional 
transformation (linear lattice), the rate constant of the chemical reaction 
(or of a similar process, for example diffusion) can be written as follows: 


= ve—s/kT (*) 


where » is the maximum frequency of oscillation; e is the energy 

required to detach an atom; and 7 is the absolute temperature. For 
transformations during the migration of atoms in all three directions (three- 
dimensional transformation) Polanyi and Wigner wrote formula (*) as 
follows: 


Qve 
= J pt/kT 
K RT et/kt, 


Since the value of K (equal to a) indicates the number of atoms which 


interchange position with neighboring atoms per unit time (or statistical 
probability of such interchange) it canbe assumed that in the case of diffusion: 


D= K8?, 


where 4is the distance between neighboring atoms. Hence, Polanyi and 
Wigner derived the formula: 


so 22 §2¢ —QkT (**) 


: __ 2vQ 
(i.e. A= aT 67), 


11 


This formula differs from that of Frenkel and Braunne: 


The characteristic feature of this formula is that the coefficient A depends on 
temperature (or more accurately on Q/T), which cannot, however, greatly 
influence the diffusion coefficient. * At low temperatures it can be 


assumed that v= uk and then formula (**) can be written as follows: 


* 
D = 22 92 o-onr, ( ¥¥ ) 


——— 


Nh 


where Nis the Avogadro number, and Ais Planck's constant. 


« 
Formula (#* ) is almost identical with the formula of Dushman and 
Langmuir /13/: 


__ Q 50,-o/R7 
D= 5, b%e- OFT, 


which is also derived analogously’to the rate of unimolecular reactions. 


* Since in practice D is measured over a narrow range of temperatures. 
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Chapter II 


ANALYSIS OF THE TEMPERATURE DEPENDENCE OF 
THE COEFFICIENTS OF SELF- DIFFUSION AND 
IMPURITY DIFFUSION 


§ 1. Self-diffusion of metals 


In Chapter I, § 2, we gave data on the self-diffusion of lead, gold, and 
copper, which indicate that in all three metals the temperature dependence 
of the coefficient of self-diffusion is governed by an exponential law: 


D = Ae— WRT, 


The values of the parameters A and Q for these metals are given in 
Table 1. 


TABLE 1, 


28,000 


53,000 
51,000 


57,200 


We shall compare these data with the formulas derived by different 
authors for the temperature dependence of diffusion. ‘The chief formulas 


are as follows: 


D= Ae~ URT — Se ORT (Frenkel), (1) 
D = Ae~ WRT — csi Qe-¢RT (Polanyi and Wigner) (2) 
D=Ae-ORT — - Qe-QR? (Langmuir and Dushman) (3) 


These formulas differ in the value of the coefficient A. In formulas (1'), 
(2') and (3') A is given according to (1), (2), and (3), respectively: 


82 §3y 
252y 
A= RT Q, (2') 


= 82 2K 3! 
A==-Q. (3') 

To assess formulas (1'), (2') and (3'), from experimental data, the values 
of A were calculated for the self-diffusion of lead, gold and copper. The 
values of 8 and v were taken directly from tables, and the heat of loosening 
Q was found experimentally (Table 1). For gold Q is equal to 53,000 


cal/mole. 
To calculate by means of the Polanyi — Wigner formula, A was found for two 


temperatures: T=7,, where 7,is the melting point, and T='/,T,. Table 2 
shows how each of the above formulas (1'), (2'), and (3'), satisfies the 
experimental data. It must be remembered that even in the most favorable 
case we can expect agreement between the orders of magnitude only, since 
these formulas do not take into account a number of factors on the 
structure of real metals. 


TABLE 2. A,cm?/sec 


Metal A exp 


(Dushman and 
Langmuir) 


‘ (Polyani. and 
Wigner) 


” 0.30— 0,15 
0.58— 0,27 
0.6 —0,3 


0.15 
10 


Copper... 


Table 2 shows that formulas (2') and (3') give results closest to the 
experimental, at least as regards the order of magnitude. However, the 
values of A calculated from formula (1) are on an average 107% times the 
experimental. 

Formula (2) of Polanyi and Wigner describes the experimental results 
fairly well and can be used to find the diffusion coefficient at any temperature 
from the diffusion coefficient found at some other temperature, that is, to 
determine the temperature dependence of the diffusion coefficient. 

By writing formula (2) in the form: 


z=g—Ing, (2'') 


where | §2y 
g=Q/RT and z=In a 


* To determine the temperature dependence of the diffusion coefficient, Gertsryken and Dekhtyar /14/ 


suggested that the Dushman-Langmuir formula should not be used (since d can be about one order of 
magnitude smaller or larger than the shortest distance between the atoms in the lattice) but rather the Eyring— 
Wynne-Jones formula /15/: 


As 
R Fa 
D=e®.. ae 
27 


or 


eres on Fd? 4 


As “Nh, 2.72 ° 


where @ E is the entropy of activation, 


If this formula is used to determine the diffusion coefficient, d retains its meaning. 
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it is possible from the known value of D at temperature T to graphically 
determine the value of q, and therefore the heat of loosening Q. 
A z=gq—lInq curve (Figure 1) must be plotted. The point of intersection 


of this curve with the straight line z= Ino gives the value of ¢ needed for 


determining the heat of loosening. This method for finding the heat of 
loosening during the self-diffusion of various metals from a single value of 
D is apparently the simplest. 

An analysis of the experimental data showed that an approximate value of 
Q can be found even more easily. 

The temperature dependence of the coefficient of self-diffusion D, of 
lead, gold, and ccpper shows that at the melting points these coefficients are 
so close to one another that they can be 
considered approximately equal. After we 
have extrapolated the coefficients of self- 
diffusion D,using the data given in Table 1 
we obtain the following values: 


D,, cm*/sec 


47 Gold osrcee0e8e ee5ereeee 5 1 0 -10 
45 CA) hte nase heat erre es es a 5.1°1 o720 
COPPEl 4: ace acaie- boo yee 10-1072 


The values of D, for gold and lead are 
especially close, despite the great difference 
between the melting points of these metals. 
30 The equality of the coefficients of self- 

I= a I=% diffusion at the melting point can be 
demonstrated well by plotting the following 

FIGURE 1. Graphical determination of reduced curves of the temperature 

the heat of loosening for self-diffusion. dependence: 


; ! 1 P 
(i.e.,1nD and 7 F coordinates). 


These curves are obtained by extrapolating from the data on lead, gold, 


and copper. They intersect at a single point at aa = 0, Pei eee 
; 8 


T T 7, 
(Figure 2). 

By assuming that the coefficients of self-diffusion at the melting point 
D,= constant, it is possible to obtain a simple formula for the heat of 
loosening Q. 

Any of the three known formulas on the coefficient of self-diffusion can 
be used. We shall, however, apply the formula of Polanyi and Wigner, since 
it describes the experimental data best, and has been sufficiently well 
proved. We shall write this formula in the form: 


Q Q _ 4, dv * 
RT, —In pp In D,’ (*) 


where 7, is the melting point, and D,is the coefficient of self-diffusion at this 
temperature. 


Pb 


Cu\ \Au tf 
TT, 

50 
0 Q2 04 06 08 10 #2 14 16 18 20 


FIGURE 2. Temperature dependence of the coefficients 
of self-diffusion of Pb, Au, and Cu, calculated from the 


—2 (: _ 1 ) 
reduced formula:!D = D,e RAT Ts . 


The values §%are very close for most metals, especially for metals with 
a face-centered cubic lattice. It can therefore be assumed that 8*y= constant, 
and therefore lin é%y = constant. 

If we also assume that D,= const, from (*) we obtain: 


Q Q 
RT, —IJn Rr. = const 
and therefore, 


RT, = const, 


i.e., the heat of loosening is proportional to the temperature of the melting 
point. 

The proportionality factors can be determined from the experimental 
data. If we assume 8%=23.8°10-3cm?/sec and D,=5-10 1 cm?/sec, we 
obtain: 


b2y Q Q 
l —_ “D> —y 
n D, = 17 or Rr '5 RT, = 17. 
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By solving these equations graphically, and using Figure 1, we obtain: 


R= or Q&20RT,. (**) 


The formula obtained could be directly checked for lead, gold, and 
copper, only, as their coefficients of self-diffusion had already been studied. 

A comparison between the experimental values of Q and those calculated 
from the melting point is shown in Table 3.* 


TABLE 3. 


Metal Q calc= RTy 


iS: (ee ae a ee 23,000 24,000 
Gold 4 a ts. We eee es 53,000 53,400 
et ee ee ae ee ee 57,200 54,240 


General remarks. An attempt to relate the heat of loosening to the 
melting point of metals had previously been made by Braunne /8/. 

As we have already mentioned, formula (**) could be directly checked 
from experimental data for three metals only. 

However, as we shall see later, this formula could be verified indirectly 
by using data on the diffusion of atoms of one metal in the lattice of another. 

We assumed that Q= 20 RT, = 40 T,, and obtained values for the heat of 
loosening of several metals (Table 4). ** 

The simple relationship between the heat of loosening during the self- 
diffusion of metals and the melting point agrees with the Braunne theory, 
which states that the heat of loosening during diffusion is: 


Q = 38°7,R, 


where dis acertain coefficient, which according to Braunne is close to unity. 
From the data we obtained (Q = 20 RT,), the value of bis about 2.5. 


According to Braunne, 6= 2, where sz, is the oscillation amplitude of an 
a 


atom when it can become detached from its equilibrium position, and r,is the 
mean amplitude of oscillation of atoms at their melting point. Hence, we can 
assume that the amplitude necessary for interchange of positions should be 
2.5 times the mean amplitude of atoms at the melting point. Like the 
Braunne theory, this conclusion is very approximate. 


TABLE 4, 


Nickel .... 68,960 
Silver. . 6 49,320 
Platinum. ...ceeeee ae 81,080 
Palladium... 713,000 
AlUMINOMs. «aco rw a es 36,880 


* This comparison reaffirms the truth of the assumption that D,*= constant. 
¢* In this paper we consider metals with a face-centered lattice only for which formula ( **) is apparently the 
most suitable. 
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The correctness of our formula _- =const 20 is affirmed also by the great 
8 


influence of anharmonic oscillations at elevatedtemperatures. This is because 
Hooke's law cannot be applied for large oscillation amplitudes. Asaresult, an 
increase in the amplitude leads to a shift in the equilibrium position. . This 
has been confirmed by calculation. 

In 1913 Debye showed that the thermal expansion of substances is 
directly related to the anharmonic oscillations. Consequently, the coefficient 
of linear expansion is a measure of anharmonicity. 

The detachment of atoms from their equilibrium positions is also due to 
the asymmetry of oscillations. This was assumed by Hevesy in 1922 /16/. 
It can be assumed that the energy Q necessary to detach an atom is related 
to the coefficient of expansion. 

But the experimental data do not confirm Hevesy's hypothesis /16/. This 
is because Hevesy did not base his conclusions on the dataof self-diffusion, as 
at that time there were no data except for his own on lead, but on the data of 
impurity diffusion. This, naturally, could not lead to a simple dependence 
on the coefficient of expansion. But on the basis of self-diffusion such a 
relationship can be obtained because of the following considerations: the 
energy necessary for detaching atoms clearly decreases as the degree of 
asymmetry of the oscillations increases. 

Griineisen /18/ showed that the heat of loosening Q is inversely 
proportional toe. 

At a given temperature 7, this relationship can be written: 


LO eo A 
RT aT’? 


where A is a certain coefficient, or 


AR 


e 
a 


Q= 


The value of the coefficient A’can be found from the data on lead, gold, 
and copper (Table 5). 


TABLE 5, Relationship between the heat of loosening and the coefficient of cubic expansion 


According to Table 5, Ais ~ 1.2 (the fact that the value of A is close to 
unity is rather characteristic). Thus, we obtain: 


1.2 
Qa. 


If we know the dependence of Q on T, it is easy to find the dependence of 
QonT,. It is sufficient to use the theory of Grtineisen, which states that for 
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most metals 


eT,=0,06 or a= 


By substituting this value into the formula for Q, we obtain: 


1.2R 
Q= p96 fs = 20 RTs 


which is the same as the formula obtained before from other assumptions. 

We should mention the paper of Cichocki in our discussion on the value 
of Q. Cichocki suggested anew theory onthe self-diffusion of metals /17/. 

In this theory it is assumed that the atoms interchanging positions 
remain for a short time in the same volume that was earlier occupied by a 
Single atom. Hence, it was concluded that the atoms which interchange 
positions undergo a volume deformation of 50%. From these assumptions, 
and from his earlier formula, Cichocki gives the following formula for the 
heat of loosening during self-diffusion: 


25 V0, 
Q= 8x ’ 


where V,is the volume of 1 g-atom; and yis the coefficient of hydrostatic 
stress. 

The deformation which atoms undergo during the interchange of positions 
is a very important factor, and therefore the method chosen by Cichocki for 
determining the value of Q deserves serious consideration. However, the 
value 50% for deformation is quite arbitrary, like the assumption on the 
existence of 2 atoms in a Single site of the lattice. It may preferably be 
assumed that the atom detached from its equilibrium position will attain a 
new (temporary) equilibrium position in an interstice close to the regular 
equilibrium position of another atom, which partially penetrates into its 
place. This would also lead to local deformation of the lattice. However, 
this deformation would not be 50% and the calculation is not as simple as 
Cichocki's. 

Cichocki's formula gives values of Q which satisfactorily agree with the 
experimental data on the self-diffusion of gold and lead, but the values for 
copper are much too low (30,900 cal instead of 57,200). 

Therefore, it would be interesting to find the relationship between 


Cichocki's formula Q= x and our formula (Q=20A7,). The theory of 
solids /11/ indicates that the value of = is apparently proportional to the 
melting point. The relationship between these two values can be determined 
from the Griineisen constant /18/ 1=TA(for gold and lead y =3; for copper 


y =1.96). By adopting this formula and substituting the corresponding values 
for y, we obtain 
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If we assume that for gold and lead y =3, we obtain 
V * Vs — 
—e 150RT,° and z= 19RT,= Q, 


which means that for gold and lead Cichocki's values for Q are very close to 
our values (Q=20RT,), and agree well with the experimental data. 


If for copper 71.96, na = 98R7,, 


V~ 
8y = 12RT7, <Q, 


i.e.,the value of Q is much smaller than its real value. 


§ 2. Diffusion of impurity atoms in crystal lattices 


The problems of impurity diffusion are more complex than those of 
self-diffusion, since the atoms of both solvent and solute migrate simultan- 
eously. The migration of solute atoms is influenced by that of solvent 
atoms, and the presence of impurity atoms in the lattice changes the energy 
conditions (degree of loosening), and thus influences the rate of self- 
diffusion. Although the diffusion of metals has recently been widely 
studied, the results have not yet been properly processed, and therefore no 
definite conclusion has been reached. Only Seith and co-workers have 
qualitatively systematized the experimental results, and we shall discuss 
them later. 

In this section we shall again attempt to systematize the available data 
on the diffusion of metals to clarify as far as possible: 1) the main factors 
determining the diffusion coefficient and its temperature dependence; 

2) whether it is possible to make an approximate theoretical calculation 
of the diffusion coefficient; and 3) whether there is a correlation between 
the heat of loosening during the diffusion of impurity metals and the 

heat of loosening of the solvent. 

Our study will be based chiefly on the paper of Seith and co-workers /19/ 
on the diffusion of different metals in lead and silver and the papers of Jost 
/20/ on diffusion in gold. These data were obtained by using very pure 
metals, and very accurate methods, and are most reliable. The authors 
(particularly Seith) studied diffusion at low concentrations of impurities, 
so that the results are especially reliable. 

a) Temperature dependence of impurity diffusion. We shall consider the 
published data on the diffusion of metals according to the applicability of the 
formulas derived by different authors for quantitatively calculating the chief 
parameters A and Q, which determine the temperature dependence of the 
diffusion coefficient. An experimental determination of the diffusion 
coefficient Dis considered satisfactory if the error does not exceed 50%. 
For the theoretically calculated coefficients an even greater error is 


* The expression < const» J, can also be obtained from the Frenkel theory of viscosity by comparing his two 


formulas for the viscosity coefficients, 
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permissible, and if acalculated diffusion coefficient agrees with an experimental 
value within one order of magnitude, this is considered satisfactory. The 
accuracy of the determination of the heat of loosening Q depends on its 
absolute value, and in accordance with the high error permissible in the 
calculation of D,if the discrepancies do not exceed +10— 15%, this can be 
considered satisfactory. 

Let us consider which of the formulas on self-diffusion that we have 
already analyzed can be applied to impurity diffusion: 


2 
D= se Q/RT (Frenkel, Braunne), 


ey 
D= ae Q-e-@RT (Polanyi and Wigner). * 


According to the Frenkel formula, = where é8is the distance 
between atoms in the lattice of the solvent, and v is the maximum vibrational 
frequency of the atoms of the diffusing metal. In some cases the results 
are close to the experimental, despite the fact that for self-diffusion of 
metals this formula is not applicable. The agreement with the experimental 
results is particularly good for the diffusion of platinum, palladium, and 
copper in gold, but not so good for the diffusion of different metals in silver. 
The greatest disagreement with the experimental data was found for the 
diffusion of some metals in lead. In this case the theoretical data 
calculated from the formula A == are 10*—10* times the experimental. 

The results are different if we calculate the values of A from the 
formula of Polanyi and Wigner. In this case the results differ least from 
the experimental data for diffusion in lead, and differ most from the 
experimental data for diffusion in gold. 

Thus, the processes that we have discussed (which produced most of the 
experimental data on the diffusion of metals) can be divided into two groups. 
The processes of the first group are characterized by low values of the 
coefficient A, and the formula A =" cannot be applied to them (diffusion in 
gold, and partially in silver), but the processes of the second group have high 
values of A, and the formula of Polanyi and Wigner 
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ae 


Q «e@~ Q/akT 


can be applied (diffusion in lead). 

As we pointed out in 1937 /21/, this led to the idea that each of these 
formulas is, apparently, a particular case of a more general formula. 

In fact, it is not very probable that these formulas will produce 
satisfactory results for all cases of interdiffusion of two metals, since they 
were derived on the basis of the mobility of atoms in lattices of a single 
metal (i.e., for self-diffusion). 

Today, we still have no satisfactory quantitative theory on the migration 
of impurity atoms in the lattices of metals. Therefore, we have no strictly 


* The formula suggested by Langmuir and Dushman gives results close to those obtained from the Polanyi- 
Wigner formulas, and therefore we shall not discuss them here. 
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proved theoretical basis for calculating the constants A and Q, which 
determine the temperature dependence of the coefficient of impurity diffusion. 


LlnD 


4 


1/7, 


cr 


FIGURE 3, Temperature dependence of the co- 
efficients of: 


1— self-diffusion in metals; 2—impurity diffu- 
sion in metals. 


However, from certain general ideas it is possible to derive an 
approximate formula for determining the coefficient A for the mobility of 
atoms of one metal in the lattice of another. In such a case we shall 
assume that the coefficients of self-diffusion, and therefore the constant 
for self-diffusion, can be satisfactorily determined from the formula of 
Polanyi and Wigner: 


2b2y 


_ ~Qo/RT — 
D = Ay e-@! RT 


Qo: e -Q/RT 


As we have already seen, the experimental data confirm these assumptions. 
We shall now assume, also on the basis of experimental data, that for 

the diffusion of atoms of any metal B(with a maximum vibrational frequency 

v) in the basis metal: 


Qo > Q, and Ay > A,, 


where Q, and A, are constants of self-diffusion of the basis metal, and Q, and 
A, are the corresponding constants for impurity diffusion of metal B in the 
basis metal. 
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If we plot curves of the temperature dependence of the coefficient of 
self-diffusion D, of the basis metal and of the temperature dependence of the 
coefficient of diffusion D, of the metal 8 in the basis metal in 1n D and 1/T 
coordinates, the curves will intersect at some point at a positive value of !/T 
(Figure 3). Let us designate the abscissa of this point as'/7T::, assuming that 
D,)== D,=-D,,at a temperature T=f,. In such a case, as shown in Figure 3, 
we can write 


De. = A, e-Q/RT = A; @- OYRTer 


and hence: 


Qi — Qo 


A, = A,e RT cr : 


If we assume that the Polanyi- Wigner formula is correct for self- 
diffusion, that is: 


Ao = Rr, 
then: 
A 2b?y 2 (1) 
v= Rr Qo 
and 
ont Q, — % _ 2 
D, = -RT- Qe R cf 4 or, (2) 


These formulas indicate that if the Polanyi— Wigner theory is used for 


impurity diffusion, in the formula for A, Q (the heat of loosening during 
Qi — Q 


impurity diffusion) must be substituted by Q,e @« , 


Formulas (1) and (2) also indicate that during the calculation of the 
coefficient of diffusion of one metal in another it is necessary to take into 
account the heat of loosening Q,ofthe solvent metal. In this way, we correlate 
the process of impurity diffusion with that of self-diffusion. 

To use formulas (1) and (2) to calculate D, A, and Q,it was necessary to 
determine whether it is possible to find a temperature 7:,at which the 
diffusion coefficients of different metals in the same solvent metal are 
equal to one another and to the coefficient of self-diffusion of the basis 
metal. 

In analogy with self-diffusion, we could a priori assume that ata 
sufficiently low concentration of the diffusing metal the temperatures To 
for different metals in the same solvent metal will not greatly differ, and 
that this temperature will be close to the melting point of the basis metal. 
To determine whether this assumption is confirmed by experimental data, 
we determined the coefficients of diffusion of (different) metals in lead, gold, 
and silver at their melting points by extrapolating the experimental 
temperature curves. The results are given in Tables 6,7 and 8.* 

Q 


* The values of D, given in these tables were calculated from the formula: In Dg= in A— RT,” 
) 
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Tables 6, 7 and 8 and Figure 4 show that the diffusion coefficients of 
different metals in the same solvent at its melting point are usually quite 
close to one another. For diffusion in silver (Table 6), the differences 
between the diffusion coefficients are very small, and do not exceed the 
experimental error, even for very accurate measurements. There is also 
good agreement between the D, values for diffusion in gold (except for the 
diffusion of copper in gold). The results for the diffusion of a number of 
metals in lead agree less, and the divergencies between individual values 
of D; are greater. However, here also the deviations from the mean value 
of D, do not exceed the order of magnitude of D; itself (except for the 
diffusion of gold and silver in lead). Thus, if we consider the possible 
variations in D,as a result of the influence of different structural factors 
of the crystal lattice, we can assume that T..= T; when calculating the 
diffusion coefficients from formula (1). 


TABLE 6. Diffusion coefficients of different metals in silver at T= 7,(1233°C) 


Diffusing metal 


Cadmium... 22,350 4.91075 . 
Indium......] 21,400 7,3°1075 2 -10-9 
Tin........] 21,400 7,9°10°° 3,2°10°9 
Antimony ....] 21,700 5.3°10°° 5 -107° 
Copper......|{ 24,300 5.9°107° 1 -107° 
Gold .......| 29,800 5,3°10 4 2.5°1079 
Palladium....| 20,200 6.4°107§ 0.8°1079 


Gold .......| 14,000 3.5°1974 3.2°107§ 
Silver.......| 15,200 71.5°107? 1 +107? 
Cadmium ....] 15,400 1.991078 6.3°1079 
Mercury .....| 19,000 3.6107! 6.3-1079 
Tin sae sa ee] - 262200 4,1 1,3:107? 
Thallium ....| 19,400 2.6-107? 6.3°1079 
Bismuth......{ 18,400 1,.9-10°? 10 -107° 
Lead (self- 

diffusion. ...| 28,000 6.7 0.5+107? 


D, cm*/sec 


Platinum.....| 39,000 5,8°107%° 
Palladium 37,400 9.2°107 1° 
Copper......] 27,400 18 -10°° 
Gold (self- 

diffusion....{ 53,000 5,1-107 


For comparison, Tables 9—11 give the values of A obtained experi- 
mentally and by calculation from the formulas of Frenkel, Polanyi and 
Wigner and from our formula (1). 
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FIGURE 4. Temperature dependence of the diffusion coefficients of different metals: 
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a—in lead (according to Seith); b—in silver (according to Seith); c—in gold (according to 
Jost). 


To determine A from (1), we used experimental data on the heat of loosening 
@ during self-diffusion, and the heat of loosening Q, during the diffusion of 
different foreign metals. 


TABLE 9. Values of A for diffusion in gold 


calc 


formula of 


Frenkel 
b2y 


Diffusing metal A exp formula of Polanyi and Wigner 


(4= 37° 9) 


calc, from formula (1) 


(A = RT.  Qoe (Q:—Q)** ) 


Platinum .... 1,02°10°1~ 2, 04-107! 8.751074 
Palladium.... 1.31-1074 — 2,62-107! 4,7°1074 
Copper.....- 1,1 °107'~2,2 +107! 1,3°1075 


TABLE 10. Values of A for diffusion in silver 


formula of 


Diffusing metal Aexp eae are aes formula (1) 
4y =. ~ agp 
A=* (A =F: Qoe (QO) 


Cadmium .... 2.9°107% 5,4°10°? — 10,8107? 0,6°1075 
Indium...... 6.2°10°4 3.6:1077— 7,2-10-? 1,2°1075 
Tit gabe Beacw oes 10 «10+ 5.29107? — 10,4+107? 0.41075 
Antimony .... 8,3°1074 4,4°10°*— 8,8°107? 0,4°1075 
Copper...... 1.81078 1,1:107'— 2,2°1074 1.21075 
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Since no experimental data on Q, could be found for diffusion in silver, we 
assumed that Q,) = 20RT,, where T, is the melting point of silver. 

These tables indicate that for diffusion in gold and silver, results closest 
to the experimental can be found by calculating A from formula (1). This 
formula gives greater disagreement with the experimental data for the 
impurity diffusion in lead. Good agreement was obtained for the diffusion 
of tinin lead. For other metals the error was within one order of magnitude. 
This can be explained by the fact that, as indicated in Table 7 and Figure 4, 
the diffusion coefficients of different metals in lead at its melting point 
differ appreciably, and therefore the temperature 7, at which the temperature 
curves intersect lies above the melting point. But eveninthis case formula (1) 
B2y 
6 
average the same discrepancies (except for the diffusion of gold and silver 
in lead) as the Polanyi-Wigner formula. It is characteristic that in this 
case the experimental data lie between those calculated from formula (2) 
and from the Polanyi- Wigner formula. 


gives values closer to the experimental than the formula A=-, and on an 


TABLE 11. Values of A for diffusion in lead 


calc 


formula of 
Frenkel 


( acs ( =r °) ( = RI" eA? ) 


Gold ....... 2.2810 !— 4,56-1072 8.1075 


formula of Polanyi and Wigner calc. from formula (1) 


Silver... cee | 3,0 -107!— 6.0107! 1.21074 
Cadmium.... : 2.2 +107— 4,410! 1,2-1074— 2,2+1074 
Mercury ..... 1.6 :107'~3,2-107? 2,6°10°5— 4.1078 
TiN. Saha ; 3,6°107!— 7,2°107! 4-2 
Thallium .... 1.6 :1074—3,2:1074 41073 


Bismuth ..... 1.2 -107!— 2,4-107! 2.291079 


Our analysis of the experimental data explains why a formula that 
cannot be applied to any of the known three cases of self-diffusion sometimes 
gives satisfactory results for the diffusion of one metal in another. In 
fact, this formula can be considered to be a particular case of formula (2), 
assuming that T,, =T7;: 


Q:— Qo 


__ 2bey 


ae 2? 
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when the process of diffusion of two metals satisfies the condition: 


b2y 7 282y sya 
6 = RF, Ye 
or : 
D) Qo e RT 1 
RT, a6 
If we assume that 
Qo =~ 20 
Rie? 
we obtain 0.~Q a5 se 
R&R aes 0 1ew~ 
e~- 8 = 540 and RT, 6 


This is the necessary condition for the application of the Frenkel 
formula. 

The expression obtained indicates that the Frenkel formula holds better 
when the term R7,is large, i.e., when the melting point of the basis metal 
is high. For example, the best results are obtained for the diffusion of 
platinum and palladium in gold, when 


Qo— Q,;= 15,000 cal/mole and R7,=2700, i.e., 
Qo— 


Q1 
“Ri, = 6. 


The experimental data we have discussed here could be supplemented 
by the data of Mehl and Rhines /22/ on the diffusion of different metals in 
copper. However, due to the lack of tables and of numerical values of A and 
Q this paper is difficult to apply, and the determination of the correspon- 
ding values from the numerous curves illustrating the results of 
this study can lead to considerable errors. Therefore, we can only use the 
results on the diffusion in copper to see whether (2) can be applied in this 
case also. 

Mehl and Rhines indicate that the Dushman- Langmuir formula cannot 
be applied to their data and illustrate this by the following example. The 
diffusion coefficients of certain metals (zinc, aluminum and beryllium) in 
copper at 800°C is equal to Degg =4:10 !9 cm?/sec. The Dushman- Langmuir 
formula gives the value of Qas 44,000 cal/mole, and the experimental value 
of Q is 39,000 cal/mole. Since the Dushman- Langmuir formula is 
essentially very similar to the Polanyi- Wigner, we introduced a correction, 
and used the above data of Mehl and Rhines to determine Q from formula (2): 


Q:— Qo Q: 
BH 


where 8, v, and 7,, are the lattice parameter, the maximum oscillation 
frequency, and the melting point of pure copper, respectively; Q, is the heat 
of loosening during the self-diffusion of copper; and Q,is the required value of 
the heat of loosening during the diffusion of zinc and beryllium in copper. 


* As the value of Qg— Qiis considerably higher than R7,. 
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Since Ay=ar Q, = 10 cm?/sec, * after substituting T7,, by 7,, equation (2) 
8 


can be written: 


1 I 
In D=In Ay— pie +H (4-7): 


As we have already shown —7-=20. According to Mehl, at 800°C (or 
a 


T =1073°), D=4:10 ?° cm?/sec. 

The value of Q can be found by substituting all known values into the 
above equation. After these calculations it appeared that Q=39,000 
cal/mole, which is exactly the value obtained experimentally by Mehl and 
Rhines. 

We have discussed different formulas for calculating diffusion 
coefficients, and have chosen the value of the coefficient A as a criterion for 
their applicability. Since A and Q are correlated, the same conclusions 
on the agreement between the calculated and the experimental values of A 
can be applied to Q. However, since the heat of loosening Q is the 
fundamental and most important characteristic of diffusion, a direct 
comparison between the calculated and experimental values of Q is of great 
interest. 

We chose the following method. 

Earlier authors took different Q, values obtained for self-diffusion of the 
solvent metal, and from (1) calculated A for the diffusion of different 
metals in this solvent. We, however, shall start with the experimental 
values of A and Q for the diffusion of different metals in lead, gold, and 
silver, and from (1) find the values of Q) for the self-diffusion of the 
solvent metal. Thus, for each solvent metal we shall obtain not only one 
but a number of values of Q, (depending on the data available on the 
diffusion of different metals in a given solvent). The agreement between 
the calculated and the experimental values will indicate how correctly (1) 
correlates the heat of loosening during the diffusion of different metals 
to the heat of loosening during the self-diffusion of the solvent metal. It 
should be pointed out that in the case of silver it is impossible to compare 
the calculated values of Q, with experimental, since no such data exist and 
the data obtained from (1) can only be compared to those calculated from 
our formula for self-diffusion, Q)==20RT,. 

To convert (1) into the most convenient form for this purpose, the 
following transformation should be carried out: 


where Q)is the heat of loosening during self-diffusion; Q, is the heat of 
loosening during impurity diffusion, 7, is the melting point of the solvent 
metal: 


In A, =In (28%) +- In Be + — : 
Qo 


Qo __ Q: 
RT, —In RT, = In (2897) — in A, +- Rr, 


(3) 


* According to the data of Steigman, Shockley, and Nix. 
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This equation is analogous to that we have already derived for the self- 
diffusion of metals (see p. 15) where we substituted the value D, the 
coefficient of impurity diffusion at the melting point for In A; — et. 

8 

If from experimental data we know the values of the A; coefficient and the 
heat of loosening Q;, in each case of diffusion the left-hand side of (3) can be 
determined graphically from the curve in Figure 1, and thus the value of Qo- 

Values of Q for the self-diffusion of lead, gold, and silver, calculated in 
this way are given in Tables 12, 13, and 14, respectively. For comparison, 
these tables also give the values of Q, obtained experimentally and 
calculated from the formula. 

These tables indicate that there is good agreement between the values of 
Q, for the self-diffusion of any metal calculated from the data obtained for 
the diffusion of a number of other metals in the same solvent metal. 

Hence, it can be concluded that (1) and (3) used for the calculations 
correctly describe the relationships between the rates of diffusion of 
different metals in a single solvent metal. Therefore, the fundamental 
assumption on the intersection of the curves representing the temperature 
dependence of diffusion at a single point is adequately proved. 


TABLE 12. Calculated values of Qo for lead. Qoexp = 28,000 cal/mole; Qo= 20 RT = 24,000 cal/mole 


Qo 
RT, 

(from 

curve) 


c = In 282 v — 


—InA+ Q/RT, 


Diffusing metal Acm*/sec | 1nA Q1 ot Qo 


tor o 20,400 


20,400 


Tits gae-ae ecw oat 25,200 
Thallium ......... 21,600 
Bismuth 6:22 Aseaaye ens 20,400 


20,000 


o@ ee © © » © © @ © © © 


A comparison between the calculated mean values of Q) and the 
experimental values shows that there are certain differences but these do not 
exceed 20%. The greatest difference (about 20%) was found for diffusion in 
lead, and the smallest difference (close to zero) for diffusion in gold. As we 
have already mentioned, for silver we could only compare the calculated 
values with other values calculated from the formula Q)=20R7, The mean 
differences were about 15%. One of the reasons for these differences 
between the calculated and experimental values is that the point of inter- 
section of the curves does not always coincide with the melting point of the 
solvent metal, although it lies very close to it. 
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TABLE 13. Calculated values of Qg for gold. Qoexp = 53,000; Qg= 20 RI,= 53,000 cal/mole 


nT 


QO ‘= In 252V9 — a 
Diffusing metal Acm?*/sec | In A 1 ae = 01 s | Qs 
RT, InA+ pr (from 
| curve) 


Platininn yoenie seas 39,000 | 14.6 17,2 19.5 | 53,440 
Palladium .......... 37,400 | 14,0 15.8 18 51,000 
53,000 55,000 


ore @ @ © @ & @ 


* The value of Qg calculated from the data on the diffusion of Cu in Au is not given, since it is much too low. 
This is, apparently, because of the inaccurate values of Qand A for the diffusion of Cu in Au. 


TABLE 14, Calculated values of Q, for silver, Q)>= 20 R75 = 48,000 cal/mole 


d ‘ 2 8 
Diffusing metal A cm*/sec In A Q: Rie <i — beam Qo 
: curve) 


Cadmium .....-.+4. 4.9-10-5 | —99 | 22350] 86 13.7 17 42,000 
Indium ........+.--] 73-10-58 | —9.4 | 24400] 9.4 13,2 17 42,000 
Tin se eee ee eeeeeee! 79-10-85 | — 9.4 | 21,400] 82 12.7 16 39,500 
Antimony ss... eee eee 53-10-85 | —98 | 21,700] 83 13.7 17 42,000 
Copper.....e.. ..++] 5.9-10-8 | — 9,7 | 24800} 9.5 14.3 17.6 | 43,000 
Golde wsue te be vees 5.3-10-5 | —7.5 | 29,800! 11.4 14,3 17.5 | 23,000 
Palladium... eeeees 6.4- 10-5 —12 20,200 7.7 14.8 18 44 000 
| 


b) Dependence of the heat of loosening during impurity diffusion on the 
atomic properties of the diffusing metal. From the above conclusions on 
the temperature dependence of the coefficient of impurity diffusion, no 
quantitative determination of the heat of loosening Q is possible. This most 
important characteristic of the process can be determined experimentally 
only. However, it is possible to determine from experimental data which 
properties of the impurity metal are the most important and govern the 
value of @ and the coefficient of impurity diffusion. 
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At present, one of the best proved conclusions which can be drawn is 
that during the diffusion of several impurities in a single solvent metal, the 
heat of loosening is highest (and therefore the diffusion coefficient at a 
given temperature is lowest) for the self-diffusion of the solvent metal. 
This assumption is confirmed by the above tables of the fundamental 
constants for the diffusion of different metals in lead (according to Seith 
and co-workers) and in gold (according to Jost), and also by a later work 
of Mehl on diffusion in copper. 

Tables 12 and 13 show that the heat of loosening during self-diffusion of a 
metal is considerably higher, sometimes by 100%, than the heat of loosening 
during impurity diffusion in the same metal. 

The same tables give the Q,/RT, ratios (7, is the melting point of the 
solvent metal), which like the Q, values vary over a wide range. Thus, the 
conclusion of Braunne that Q/ RT,= 362, where 6% is close to unity, is not 
true for impurity diffusion. * 

For self-diffusion Q/RT,= constant, and therefore the melting point is the 
chief factor determining the value and the temperature dependence of the 
coefficient of self-diffusion. But in impurity diffusion the melting point 
only influences the coefficient of impurity diffusion, and does not determine 
it. 

Seith /19/ processed the data of himself and his co-workers on diffusion 
in lead and silver, and concluded that at a given temperature the heat of 
loosening, or the coefficient of impurity diffusion, depends on the chemical 
affinity of the impurity metal to the solvent metal. 

Seith ordered the impurity metals diffusing into the same metal 
according to their position in the periodic table, and found, that the farther 
the impurity metal lies from the solvent metal, the greater is its rate of 
diffusion and the lower its heat of loosening Q. 

Thus, for diffusion in lead, the heat of loosening increases from silver, 
which is farthest from lead, to tin (fifth period) which is closest to it, and 
from gold to bismuth (sixth period). Seith explains the minimum heat of 
loosening for self-diffusion from the same point of view. 

Seith therefore emphasizes the great importance in diffusion of the 
structure of the electron shells of the impurity metals and the number of 
their valence electrons. 

Seith admits that other properties of the atoms, including their 
dimensions, can also influence impurity diffusion, but he believes these are 
less important. 

Although Seith's theory is well-founded, it is analogous to the Hume- 
Rothery theory /29/ on the role of the relative valence in the formation of 
solid solutions, and we have no definite proof that the relative valence is the 
only or even the dominating factor influencing the rate of impurity diffusion. 

The periodicity in the variation in the coefficients of impurity diffusion 
(or in Q) can also be explained by the influence of some properties of the 
impurity metal which also vary periodically. This explanation is quite 
justified, since many properties of solid metals, including the atomic radius, 
vary periodically. Thus, the diffusion of different metals in lead can be 
explained by the difference between the atomic dimensions of the impurity 
metals. 


* Braunne assumes that this ratio is also true for self-diffusion. 
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It seems to be quite natural that the atomic dimensions should 
considerably influence the rate of impurity diffusion, and consequently the 
heat of loosening. 

The deformation of the lattice caused by the impurity atoms, and 
consequently the heat of loosening, depend on the atomic dimensions. 

We arrived at this conclusion in 1936 /21/ after analyzing the experi- 
mental results on metal diffusion. At that time, we expressed the dependence 
of Q on the atomic: dimensions by the formula 


Q=ar’, 


where a is a constant and ris the atomic radius of the impurity metal. * 

The Q=ar’ formula seems to indicate that Q will not be highest for self- 
diffusion if the atomic radius of one of the impurity metals is larger than 
the radius of the solvent metal. However, the most recent data on the self- 
diffusion of gold and copper and on the diffusion of other metals in copper 
indicate that even if the radius of the impurity metal is greater than that of 
the solvent metal, the heat of loosening is highest for self-diffusion. 
Consequently, the Q=ar? formula has not been confirmed experimentally. 
In addition, we now believe that our formula should be written 


Q=f(Vo— V), 


where V, is the volume of a one gram-atom of the solvent metal; and V is 
the volume of one gram-atom of impurity metal (for calculations, the absolute 
values of V;—V should be taken). 

To verify this formula we used existing data on the distribution of different 
metals in lead, gold, and silver, plotted on curves in Q, (V)—V) coordinates. 
The corresponding data are given in Tables 15, 16, and 17; Q=f(V,»—W 
curves: are shown in Figure 5. 


ec 3 
(b-V) 
FIGURE 5. Dependence of the heat of loosening Q on the atomic volumes 

of impurity metals: 


a—diffusion in lead; b—diffusion in silver; c— diffusion in gold. 


* We shall designate by r the atomic radius according to Goldschmidt, i.e. , calculated from the coordination 
number 12, 
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These tables (particularly Tables 15 and 16 for diffusion inlead and gold) 
show that, except for some individual cases, the values of Q increase with 
decrease in the difference between the atomic volumes of the impurity and 
solvent metals (V,—V), and that Q is highest at V, —V=0, that is for self- 
diffusion of metals. 

Figure 5 shows that the points representing different metals diffusing in 
the same solvent metal lie on a straight line, irrespective of the sign of 
(V,— V). It is important that for diffusion in gold and lead the values of Q 
corresponding to the self-diffusion of these metals (at Vo —V=0) lie on the 
same straight lines. For these two metals we can write our formula: 


Qo = Qa (Vy—V) 


or 


Q = Q) —a(Vo— V), (a) 


where a is a coefficient which depends on the slope of the straight line 
Q=f(Vo— V). 


TABLE 15. Diffusion in lead. Qo= 28,000 cal/mole; y= 23.7107’ cm? /kg; Vo = 18.3 cm? 


GOES Bie Boe ee ke 10.2 6.1 14,000 14,000 2.3 + 108 4.3 
Silvers see eeec cece 10.2 6.1 15,200 12,800 2.1-105 4.7 
a eae eee ie 5.3 15,400 12,600 9.3 - 108 43 
MOTCUE VE sect rastircna te acu ook 14.3 4.3 19,000 11,000 2.8 - 108 4.5 
Di ccrsseeaakwsreen|| ‘dOo 2 26,200 1,800 0.9- 108 1.1 
Thallium oe eer eorvreee 17.2 1.1 19,400 8, 7 8. 108 1.3 
Bisiiuth: wt w.o.9 oi e-e-e 21.3 3.0 18,400 9,600 3,2+103 3.1 
Lead: icy ee Gateioeacs 18.3 0 28,000 a 


TABLE 16. Diffusion in gold. Qo = 53,000; Ve=10.2 cm’; yx = 5.8°107! cm* /kg 


Diffusing metal V I(Ve—V) | Q O—Q 


Copper ss ee ee eevee 
Palladium -++++see-. Y, yy) 
Platinuin .eeesevee a. ; 2: 3 


oeoeeewe#e#e8f © © @ 


3 
TABLE 17. Diffusion in silver. Q,= 48,000; a = 10.2 cm 


Diffusing metal 


29,800 
20,200 
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The coefficients @ are given in Tables 15 and 16. The values of these 
coefficients for a given solvent metal are almost constant. 

The term a(V)—V) in formula (a) represents an additional energy of 
loosening of the lattice, which is the result of elastic deformation caused by 
the penetration of an impurity atom. Hence, it can be assumed that the 
coefficient a is related to a constant characterizing the elastic properties 
of the basis metal, for example, to the coefficient of hydrostatic stress, x. 
This is also confirmed by the fact that the dimensions of the term a(Vy)— V) 
should be the same as those of energy, and consequently the dimensions of 
the coefficient @ should be the same as those of stress. 

If we assume: 


a5 1- — y=” .94.10-2 
c= F and a(Vy—V) =“ 2.4. 10-8, 


where 6 is a certain abstract coefficient, we can write formula (a) as: 
Q= a — MM 0.4. 10-8 () 


(The coefficient 2.4:10~% is introduced to express (Vy) —V) in cm? and y 
in cm?/kg). 

Since the values of y are known for all metals, it is possible to 
determine the coefficient 0, if we take yas the coefficient of hydrostatic stress 
for the solvent metal. * The values of the coefficient 6 for the diffusion of 
various metals in lead and gold are given in Tables 15 and 16. 

If we disregard the data on the diffusion of tin and thallium in lead, it can 
be seen that the coefficient 6 changes little, and it can be considered constant 
not only for the same solvent but also for other solvent metals. 

We have considered the values of y related to the volume of one gram- 
atom of metal in the free state. However, during diffusion the atoms of 
impurity metals become compressed, and their volume decreases. 
According to Biltz /24/, this decrease in volume is noticeable for alkaline 
and alkaline-earth metals only, and can be disregarded in our study. 

Thus, the heat of loosening during impurity diffusion can be considered 
to be equal to the heat of loosening Q during self-diffusion minus a value 
proportional to the difference between the atomic volumes of the diffusing 
metals. 

Thus, the temperature dependence of the coefficient of impurity 
diffusion can be written: 

_ (—%) 
D = Ae VET = Ae ’ 


-2.4-10 ? 


is the increase in the heat of loosening the lattice as a result of the 
penetration of impurity atoms. The theories discussed above should be 
considered as a framework which illustrates the influence of the atomic 
volume of impurity metals on the rate of impurity diffusion. 


where Q, is the heat of loosening for self-diffusion, and Q’ = 


Vo—V 
by 


* The values of x were taken from the data of Borelius in the "Encyclopedia of Metal Physics,” Vol. 1. 
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Chapter Ill 


DIFFUSION AND STRUCTURE OF METALS 


In the last chapter we discussed diffusion without taking into account the 
influence of the crystal structure of metals on this process. This did not 
prevent us from coming to a number of generalized conclusions on the 
absolute values of the diffusion coefficient D and on the values of the heat of 
loosening Q. As we shall see later, the values of Q are little influenced, 
by the crystal structure (for example, by the grain size in polycrystalline 
aggregates). The absolute values of the diffusion coefficients, and also of 
the coefficient A in the formula for the temperature dependence of the 
diffusion coefficient, are greatly influenced by the structural properties, and 
therefore these values can be obtained correct to within one order of 
magnitude only. 

By using our own experimental data, in this chapter we shall discuss the 
influence of some structural factors on the diffusion coefficient and its 
temperature dependence. 

For a more detailed study on this problem, we shall use data on diffusion 
in metals and the related phenomenon of the electrolytic conductivity of 
solid salts. 

As we have already mentioned, the migration of atoms or ions ina 
crystal lattice is manifested as diffusion of material or as electrolytic 
(ionic) conductivity. 

These are two different aspects of the same process, and therefore they 
are closely correlated. 

If at a given temperature the current carriers are ions of the same sign, 
the temperature dependence of the electrolytic conductivity is given by a 
formula similar to that for diffusion: 


K=A e FIRE 


where K is the conductivity; E is the energy for the detachment of an ion 
from its equilibrium positionin the lattice. E is of the same order of magnitude 
as Q inthe diffusionof metals. Also, E is often influenced by the same factors as 
Q. Finally, Tuband, Reinhold and Jost /25/, found a relationship between 

the conductivity and the diffusion coefficient... Therefore, data on the 
electrolytic conductivity of salts can greatly supplement the results 
obtained from the study of diffusion of metals. 
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§ 1. Dependence of the rate of diffusion on the crystal- 
lographic directions (anisotropy of diffusion) 


In a study on diffusion in single crystals of metals, the problem arises of 
the rate of diffusion in different crystallographic directions, and this has 
been little investigated. Therefore, the data available on the related 
phenomenon of the electrolytic conductivity of salts are of great interest. 

The dependence of the electrolytic conductivity on the crystallographic 
directions of quartz was found by Joffe /26/. Recently, the dependence of 
electrolytic conductivity and self-diffusion on the crystallographic direction 
has been studied by Seith /27/. According to his earlier papers, the 
electrolytic conductivity of lead iodide can be written: 


4680 15000 


K=9.78.10-4¢ 7? +115 10-8e T° 


The first term of the equation relates part of the electrical conductivity 
of iodide ions to the work of detachment equal to 9300 cal, and the second 
term relates the electrical conductivity of lead ions to the work of 
detachment equal to 30,000 cal. Seith cut samples from lead iodide single 
crystals perpendicular and parallel to the direction of the ¢ axis of the 
crystal, and measured their conductivity at different temperatures over the 
range 270—380°C. These studies showed that the work of detachment in the 
direction parallel to the ¢ axis is Q= 28,500 cal, and in the direction 
perpendicular to the ¢ axis itis Q=8800 cal. Thus,in the range of 
temperatures studied, the mobility of lead ions in the direction of the ¢ axis 
is predominant, and determines the conductivity. On the other hand, in the 
direction perpendicular to the ¢ axis the current is transported chiefly by 
iodide ions, and the mobility of lead becomes noticeable at elevated 
temperatures only. 

These results indicate that there is a difference between the conductivity 
in various crystallographic directions because in certain directions the 
mobility of some ions is greater than the mobility of others. To confirm 
this, Seith studied the rate of self-diffusion of lead ions in the lattice of 
lead iodide, with ThB as atracer. He found that the rate of self-diffusion is 
little influenced by direction. Seith explains the differences between the 
electrolytic conductivities in various directions as follows: lead iodide 
forms a laminated lattice in which a layer of lead atoms alternates between 
two layers of iodine atoms. To become detached from their sites, the lead 
ions need much more energy (30,000 cal) than the iodide ions (9000 cal). 

At a certain temperature the regions occupied by iodine atoms become 
greatly ‘loosened, '' and some atoms can interchange positions, but few lead 
atoms have sufficient energy for this. As a result, it is mainly iodide ions 
that interchange positions in the lattice, and since they are large they move 
chiefly in the direction of their layers, and only rarely penetrate between 
the ions of lead. Hence, the high mobility in the direction of the layer 

and the low mobility in the direction perpendicular to it. However, the 
small lead ions find their way in the direction of the ¢ axis through the 
"loosened" iodine layers, as readily as directly toward neighboring lead 
atoms. Thus, the difference between the electrical conductivities is due to 
the presence of two types of ions in the lattice and not to the different 
mobilities of lead ions in different directions. 
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Seith also studied the self-diffusion of bismuth, with ThC as tracer. The 

bismuth lattice consists of two rhombohedrons placed one inside the other. 
The main cleavage plane, which is the basis for 
hexagonal indexing, cuts through so that it 

- 200° 225° 250° 295° contains only atoms of a single rhombohedron. 

The rate of self-diffusion was measured ina 
direction parallel to this plane and in a direction 
perpendicular to it. The data are given in 
Figure 6, and show that the rate of diffusion in 
the direction of the c axis is very low. The 
diffusion coefficient at a temperature close to 
the melting point, D= 7:107~" cm?/day, is dof 
that in the direction perpendicular to the ¢ axis 
(which coincides with the main cleavage plane). 
The temperature dependence of the diffusion 
coefficient in the direction of the ¢ axis 
indicates a work (heat of loosening) of 31,000 
cal, i.e.,of the same order as for lead. This 
work is equal to 140,000 cai in the direction 
perpendicular to the ¢c axis. The last value is 
very high, and even exceeds the heat of loosening 
during the diffusion of high-melting metals ‘such 
as molybdenum and tungsten (35,000 cal). Seith 
explains the very high temperature coefficient of 
self-diffusion of bismuth as an anomaly of its 
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FIGURE 6. Coefficients of self- thermal properties. 

diffusion of bismuth according to We believe that the increase in the difference 

Seith: between the diffusion rates in two directions 

1 —direction parallel to the ¢ axis; perpendicular to one another with increase in 

2 —direction perpendicular to the ¢ temperature is also an anomaly. We should 
axis. expect that an increase in temperature would 


increase the total loosening of the lattice, and 
also the mobility of atoms, but that the anisotropy would decrease as the 
melting point is approached. 

Thus, Seith's study does not solve the problem of the influence of the 
anisotropy of crystals on the diffusion rate and on the temperature 
dependence of the diffusion coefficient. However, this problem is of very 
great importance in studies on a number of problems, and in particular the 
mechanism of phase transformations in metals. 

In metals with highly symmetrical crystal lattices, for example, with 
cubic lattices, we cannot expect any noticeable difference between the 
diffusion rates in different directions. Therefore, to study this problem it 
is preferable to use metals with less symmetrical lattices, for example, 
with hexagonal systems. Zinc, cadmium, and magnesium have such lattices. 

We studied the anisotropy of diffusion in single crystals of zinc and 
cadmium /28/. 

The first series of experiments included a qualitative study on the 
diffusion of mercury in single crystals of cadmium and zinc. The method 
was very simple. Singlecrystals of cadmium and zinc were grown by the 
usual method from a melt of pure starting materials, which had been 
distilled in vacuo. The orientation of the cadmium specimens (the position 
of the basal plane with reference to the axis of the specimen) was determined 
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by an optical method developed by Yakovlev. The orientation of the zinc 
specimens was found directly from the position of the cleavage plane. The 
single crystals were cut into several parts by etching, and a drop of mercury 
was put on the surface of each part. An amalgam was formed, and the 
mercury in contact with the metal surface rapidly solidified. Then the 
liquid mercury was removed. The specimens were heated to a given 
temperature, and metallographic sections were cut in a predetermined 
direction with reference to the axis of the sample. The paths ofthe diffusion 
of mercury in zinc and cadmium were examined at a small magnification. 
It was found that these paths are elliptical, and the slopes of their main axes 
depend on the orientation of the single crystal. Later experiments showed 
that the path formed a circle on the basal plane and not an ellipse which 
means that in this plane the diffusion proceeds at the same rate in all 
directions. On all other planes the paths were elliptic. Plate 1 (see 
Appendix) shows the paths of diffusion of mercury and cadmium on a basal 
plane and on a plane perpendicular to it. It is seen that the first is a 
circle and the second an ellipse. 

Similar experiments at different temperatures can indicate the influence 
of temperature on the degree of the anisotropy of diffusion. 

As a criterion, we took the ratio of the axes of the ellipse measured 
under a microscope at a small magnification. 

The mean values are given in Table 18. 


TABLE 18, 
Diffusion of mercury in Cd Diffusion of mercury in Zn 
50 0.70 50 0.68 
100 0.72 ° 100 0.73 
150 0.75 150 0.79 
200 0.89 as — 


* Table 18 shows the ratio of the minor axis of the ellipse to the major, and 
therefore a decrease in this ratio indicates an increase in anisotropy. 


The results show that: 1) there is anisotropy of diffusion,i.e., different 
rates of diffusion in different crystallographic directions, in metals of the 
hexagonal system (zinc, cadmium), but the difference is not great, as can be 
seen from the ratios of the axes of the ellipses, and 2) with increase in 
temperature the difference between the rates of diffusion along different 
axes decreases, and almost disappears near the melting point. This series 
of qualitative experiments established the existence of anisotropy. 

We also studied the diffusion of copper in zinc single crystals. At the 
temperatures studied, a layer of a y-phase containing 62 —70% of zinc was 
formed. The mechanism of formation of intermediate phases, which are 
close to intermetallic compounds, is more complex than ordinary diffusion 
which involves the formation of a solid solution with a lattice of the solvent 
metal. However, the existence of diffusion anisotropy can also be determined 
qualitatively in this case, since the depth of the layers formed characterizes 
the rate of the process. 
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For studying the diffusion of copper in zinc the authors prepared zinc 
Single crystals with square cross sections. The basal plane was exposed 
by cleaving the crystals in liquid air. The basal plane and the plane 
perpendicular to it were electrolytically coated with a 0.1mm copper 
layer. To study the quality of the coating, a master specimen was prepared 
and examined under a microscope. It was found that the copper layer is 
uniform and adheres well to the surface of the crystal. 

The copper plated specimens were heated in vacuo at 50, 100, 150, and 
200°C for five days. The specimens were also heated at 150°C for one and 
three days. 

For each operation we took four specimens, two for copper plating on the 
basal plane and two for plating on the plane perpendicular to it. After the 
Specimens had been heated, metallographic sections were cut in planes 
perpendicular to the coated plane. Thus, when a zinc specimen was coated 
with copper on the basal plane, it was used to study the diffusion in the 
direction perpendicular to this plane, and if the copper was coated on the 
plane perpendicular to the basal plane, the diffusion was studied in the 
direction parallel to this. The thickness of the diffusion layer was 
measured under a microscope using an eyepiece micrometer calibrated 
against a master scale. 

The diffusion layer produced at 50°C was so thin that it could not be 
measured. The mean results obtained in all other cases are given in 
Table 19. 


TABLE 19. 


Thickness of layer, mm 


parallel to the | perpendicular to the 
basal plane ‘basal plane 


Duration of heating, 
days 


TABLE 20. 


Ratio of thicknesses of layers 


Table 19 shows that the diffusion is more rapid in the direction parallel 
to the basal plane, and that a difference is noticeable below 200°C only. The 
layers produced at 250°C have almost the same thickness. Table 20 shows 
the ratio of the thicknesses of layers parallel and perpendicular to the 
basal plane measured at different temperatures. 
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Thus, the results for the diffusion of copper in zinc agree with those for 
the diffusion of mercury in zine and in cadmium. 

For a better quantitative study of the influence of anisotropy on the 
diffusion coefficient and on its temperature dependence, additional 
experiments were carried out on the diffusion of copper in zinc single 
crystals. 

The method was based on the results of the diffusion of copper in zinc 
which we had already studied for other purposes. 

These results show that the diffusion at relatively low temperatures 
(up to 250—300°C) produces a single intermediate y-phase, which consists 
of the CugZn; intermetallic compound. The diffusion layer has very well- 
marked boundaries which facilitate quantitative measurements. 

We also found that the laws of diffusion for solid solutions hold also for 
the formation of intermediate phases, and thus the diffusion coefficient can 
be found. 

As we shalllater(see Part Two, page 83) the thickness y of the diffusion 
layer increases with increase in the time of diffusion ¢ according to a 
parabolic law: y?= 2pt, where p is a quantity proportional to the diffusion 

* coefficient, and differing from it by a constant factor only. By measuring 
the thickness of the diffusion layers formed in different crystallographic 
directions and with different times and temperatures of heating, diffusion 
coefficients in these directions and their temperature dependence can be 
determined. 

The methods of measurement were the same as above. Basal planes of 
zinc single crystals and planes perpendicular to them were electrolytically 
coated with copper and heated at 100—250°C for different periods. For 
the microstructural analysis and measurements of the thickness y of the 
diffusion layers, a microscope was used with magnification 250. The 
measurements were correct within 0.5 mm (with a micrometer scale). 


Ot 2 9 4 5 6tdays 00 o 3 4 5 6 
t days 
FIGURE 7, Diffusion of copper FIGURE 8, Diffusion of 
in zinc single crystals at 100°C: copper in zinc single 


1—parallel to basal plane; crystals at 150°C: 


2—perpendicular to basal plane. 1 — parallel to basal plane; 
2— perpendicular to basal 
plane. 


The graph of y? plotted against the diffusion time ¢ is a straight line, and 
its slope gives the value of the parameter pof the parabola. 
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The results of the measurements are given in Tables 21—24 and in 
Figures 7—10. 


/ 
800 he 
1° 4 
Oo 4 2 3 4S ov @ 39 4 5 
t days ¢ days 
FIGURE 9, Diffusion of FIGURE 10. Diffusion of 
copper in zinc single crys- copper in zinc single 
tals at 200°C: crystals at 250°C. 
1 — parallel to basal plane; 1 — parallel to basal plane; 
2— perpendicular to basal 2— perpendicular to basal 
plane, plane. 


Since the absolute thicknesses are not important, the curves were plotted 
from values found directly by microscopic measurements (without 
multiplying by the microscope constant). Therefore, all values of the 
parameters pare (210)? times the real value (7 X 30 = 210, the magnification 
of the microscope). From the results the temperature dependence of the 
parameter pin the directions parallel and perpendicular to the basal 
plane were plotted (Table 25 and Figure 11). 

Since the value of pdiffers from the diffusion coefficient by a constant 
factor only the curves representing the temperature dependence of p 
accurately reflect the temperature dependence of the diffusion coefficient. 

These results indicate that the growth rate of the layers, and 
consequently the diffusion coefficient, are always higher in the direction 
parallel to the basal plane. The differences in the growth rates are 
especially great at low temperatures, and rapidly decrease with increase in 
temperature (Figure 11). The curves representing the temperature 
dependence of diffusion converge in the direction of high temperatures. 

The heat of loosening Q can be determined from the curves 
representing the temperature dependence of the diffusion coefficients. It 
was found that in the direction parallel to the basal plane Q= 12,000 cal, 
and in the direction perpendicular to the basal plane Q= 14,000 cal. 

The results of the above experiments can be summarized as follows: 

1) we observed a diffusion anisotropy in single crystals of metals of the 
hexagonal system (cadmium and zinc). The rate of diffusion in the direction 
parallel to the basal plane (that is perpendicular to the hexagonal axis) is 
higher than that in the direction perpendicular to the basal plane. 
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TABLE 21. Diffusion of copper in zinc single crystals at 100°C 


Duration of heating,| Mean thickness of y? - (210)? 
2 


. ti Hy ; 
Direction of diffusion days layer y°210 mm mm 


Parallel to basal plane. . 36 
The same ..-eeeeeee 81 
re ae ee 100 
WN acta ecw ve ove 8 121 
Perpendicular to basal plane 9 
The same ».-eeeece 16 
De NS = ga, Bg at aa aoe 20 
. ae cee ee eee 25 


Mean thickness of 


y*® + (210)? 
layer ye210 mm . 


mm 


Parallel to basal plane.. | 


The same ...ceccees 441 
BE, eae gr we Co agile Sai 676 

rr re ee ee 900 
Perpendicular to basal plane 206 
The same ,2-erecreces 324 
ee oe ee 629 


oeoeee¢es 


Mean thickness of 
layer y°210 mm 


Duration of heating, 
days 


Parallel to basal plane 
The same ...-eesece 


Perpendicular to basal plane 
The same ...eeceoee 


Mean thickness of 
layer y°210 mm 


Parallel to basal plane.. 
The same ...ccesee 


Perpendicular to basal plane 
The same .....0026.- 


oeeee@ @ @ 8h 
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TABLE 25. Temperature dependence of the parameter p for the diffus{on of copper in zinc single crystals 


l 
parallel to | perpendicular to 
basal plane| basal plane 
3.0 


2) the degree of anisotropy increases with decrease in the diffusion 
temperature. At elevated temperatures (for zinc 350— 400°C) the diffusion 
coefficients are almost the same in both directions. 

These results can apparently be explained by the 
fact that the atoms of mercury or copper, which have 
a relatively great volume, move more rapidly in 
those directions of the lattice which contain fewer 
atoms of the basis metal. In the lattices of zinc and 
cadmium these directions are parallel to the basal 
plane. | 

From the above we can conclude that there is no 
anisotropy of diffusion in crystals of the cubic system. 
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7 49 24 2325 I+ We should like to add to our remarks at the 
beginning of this chapter and mention that Elam /29/ 
FIGURE 11. Temperature found that the diffusion of zinc in copper single 
eociicientioh ciiuson pl crystals is the same in all directions. This has 
Oe meee been confirmed by other authors. Mehl /30/ studied 


tals, 
ere the diffusion of carbon in coarse-grained y-Fe, and 


found the penetration into all the grains was the 
same, irrespective of their orientation. Similar results were obtained by 
other authors. 


§ 2. Diffusion and defects in the crystal structures of 
metals 


The structure of real crystals differs from that expected according to the 
type of their crystal lattices. 

This is due mainly to the conditions of crystal growth. 

The influence of the crystal defects on the diffusion rate has not yet 
been sufficiently studied and it is still a controversial subject. There are 
very few experimental studies in this field. 

The most important aspects of this problem will be discussed below. 

a) Ideal and real crystals. An ideal crystal is one with a geometrically 
perfect lattice. 

When real crystals are examined under a microscope, it is seen that they 
differ from ideal crystals since they contain small nonuniform regions with 


irregular crystal lattices. 
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Irregular structures occur because of the conditions of crystal growth, 
and the presence of impurities in real crystals. Irregularities in the 
distribution of atoms occur mainly in the surface layers of the crystals. 

The distance between the external crystal plane and its neighboring plane 
is a few percent less than the distances between the internal planes of the 
crystal. This shortening is due mainly to the one-sided deformation of the 
surface atoms, and it is restricted to the upper layer of the lattice. A 
change in the forces of interaction in the surface layers can lead toa 
number of secondary effects, such as the disturbance of the thermal 
vibrations in the lattice, a change in the field of force of the atom, etc. 

Besides the irregularities in the distribution of atoms on the surface of 
crystals, there can be heterogeneities and distortions in the interior of the 
crystal lattice. 

We can imagine that uniformly distributed loosening sites of micro- 
scopic dimensions can be formed as a result of thermal motion, but 
greater distortions in the lattice take place during crystallization. 

The lattice distortions formed as the result of interstitial atoms are of 
particular interest in the study of diffusion. For close-packed lattices 
in which the lattice constant is calculated as the sum of atomic radii, for 
geometrical reasons it is difficult to assume that interstial atoms exist. On 
the other hand, in solid solutions with atoms of the solute located in the 
interstices of the lattice (for example, in a solution of carbon in iron, 
hydrogen in palladium, etc.), we can imagine that atoms of the solvent can 
also assume a Similar position. 

The concept of ideal and real crystals is related to that of "structurally 
sensitive" and "structurally insensitive’ properties of crystals, and with 
the phenomena taking place in them. If two specimens of the same 
crystalline substance are prepared separately and give values which differ 
by more than the experimental error, the properties can be considered as 
''structurally sensitive.'' If, however, the differences are small, and lie 
within the experimental error,-then the properties are "structurally 
insensitive.'' The dependence of the properties on the crystal structure of 
the substance is related to nonuniform structures found in real crystals, 
which are mainly due to the conditions of crystallization and the presence 
of impurities. 

Trace amounts of impurities, which are impossible to determine by any 
method of analysis (10°°—107®%) can appreciably influence the properties of 
crystals. Therefore, these impurities form an almost nonremovable factor 
which produces a structural sensitivity of the properties of crystals and of 
the phenomena taking place in them. 

The structurally sensitive properties and phenomena common to all 
crystalline substances are mechanical properties, diffusion, and electrolytic 
conductivity /31/. 


§ 3. Influence of the grain size on the diffusion coefficient 


The role of the "internal planes" in real crystals has not yet been 
sufficiently clarified, but the influence of external facets of polycrystalline 


aggregates on diffusion is better known. Usually, the formation of new, free 
facets involves an increase in the mobility of the atoms. This is confirmed 
by the results of a number of studies on the ionic conductivity of salts and 
the diffusion of metals. 

Joffe and Zechnowitzer /35/ studied the variation in electrolytic 
conductivity during plastic deformation of common salt, and found that the 
electrolytic conductivity changes only when a new, free shear plane is formed. 

Tammann and Veszi /36/, and Hevesy carried out similar studies, and 
found that polycrystalline specimens have a higher electrolytic conductivity 
than single crystals. * 

Similarly, it has often been noticed that the diffusion rate increases if the 
surface area of the grain boundaries is increased in the polycrystalline 
aggregate. Thus, van Liempt /37/ found that at 1600°C the rate of diffusion 
of molybdenum in a polycrystalline aggregate of tungsten (with an average 
grain size of 20) is ten times that in a single crystal of tungsten. 

Zwikker /38/ found that the rate of diffusion of carbon in fine-grained 
tungsten is four times that in tungsten single crystals. Rhines /30/ 

showed by experiment that the rate of diffusion of copper in zinc single 
crystals is¢of that in polycrystalline zinc. A similar influence of the grain 
size on the rate of diffusion was found by other authors /39, 40, 41/. 

All these studies indicate that the absolute value of the diffusion coefficient 
increases with increase in the surface area of the grain boundaries, that‘is 
with decrease in the grain size. 

It would be interesting to find the influence of the grain size on the 
absolute values of the diffusion coefficients and on their temperature 
dependence, and therefore on the heat of loosening Q. This problem has so 
far been little studied. 

According to van Liempt, the value of Q for the diffusion of molybdenum 
in tungsten is the same for single crystals and for polycrystalline 
aggregates (Q= 40,290), despite the fact that the absolute values of the 
diffusion coefficients are appreciably higher in the first case. Foneta, 
Jound, and Walker /42/ studied the diffusion of thorium in a wire of 
tungsten of various grain sizes (5.34,7.3u and 3000 ), and found that the 
temperature curves of the diffusion coefficient are always parallel. 
Langmuir, however, determined that in this case the heat of loosening is 
greater for diffusion in the interior of the grain than along the grain 
boundaries (Q= 120,000 cal/mole and Q= 90,000 cal/mole, respectively). 

To obtain additional data on the still unsolved question of the diffusion 
coefficients in single crystals and in polycrystalline specimens of various 
grain sizes, and to check the above results obtained for other metals, we /43/ 
determined the diffusion coefficient of zinc in copper single crystals and in 
polycrystalline brass samples of various grain sizes. 

The coefficient was found by evaporating zinc from brass. Brass 
specimens of known grain size were heated in vacuo (10°? mm Hg) at a given 
temperature, and the amount of evaporated zinc was determined every 30 
minutes. By plotting the time fon the abscissa and the value of 


Ine on the ordinate, we obtained a straight line inclined at an angle @ to the 


axis ¢. This can be used to determine the diffusion coefficient from the 


* The results of these authors will be discussed later. 
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Grinberg formula /44/ 


where ris the radius of the specimen. Thus, we were able to find the 
diffusion coefficient D for each grain size and at each of the temperatures 
studied. 

Our starting material was brass, which had been melted out from 
electrolytic copper and (Kalbaum) zinc. The alloy contained 30% of zinc, 
and was drawn into a 2 mm-diam wire. Specimens 15 mm long and 
1— 1.5 mm in diameter were prepared from this wire. The differences 
in grain size were achieved by cold working the metal to different 
degrees of reduction, and recrystallizing. The recrystallization 
temperature was always higher than the highest diffusion temperature, 
otherwise the grain would continue to grow during diffusion. 

Brass single crystals were also prepared by recrystallizing metal which 
had been deformed to a 2.5% reduction. In this case the temperature of 
recrystallization was close to the melting point. The required diameter of 
the specimen (1—1.5 mm) was obtained by etching the surface in dilute 
nitric acid. 

To determine the diffusion coefficient the specimens were weighed on 
microanalytical balances, correct to within 0.00005 g. The grain size was 
determined under a microscope as the mean value of 40—50 measurements 
(correct to within 0.02 mm). 

We also measured the diffusion coefficient D in single crystals and in 
polycrystalline specimens with a grain size of 0.13, 0.37, and 0.48 mm. We 
found the diffusion coefficients by means of curves representing the weight 
il, 
dt 
given in Tables 26—29 (for from 700 to 900°C), and are also plotted in In D, 
1/T coordinates in Figure 12. — 


loss of specimens plotted in In —~—f coordinates. The coefficients are 


TABLE 26. Grain size 0.13 mm 


ec 5 ee 104 D cm*/day | in D 
abs 
850 8.9 8.5: 10-7" — 2.46 
800 9.3 48-10-2 — 3.03 
750 9.7 3.2-10-2 — 3,22 
700 10.3 2.3°10-2 — 3.67 
TABLE 27, Grain size 0.37 mm 
! —4 2 
ec 7, 10 D cm*/day InD 
abs 
900 85 2.74. 10-2 — 3,59 
800) 9.3 ).11-10-2 — 451 
7950 97 0.83-10-2 — 4.33 
700 10.3 0.78-10-2 — 4.85 


TABLE 28. Grain size 0.48 mm 


1 
ec = +10 D cm? In D 
Ti | cm’/day 
900 8.5 2.3 -10~2 — 3,77 
850 8.9 1.1 - 10-3 — 4.51 
800 9.3 1.4 -10-3 — 4.25 
750 9.7 0.55-10-3 — — 5.22 
700 10.3 0.40- 10-3 — 5.52 


TABLE 29, Single crystal 


1 


eC ; ee 104 | D cm?/day | InD 
abs ‘ 

900 8.5 0.37 - 10-3 — 5,52 

800 9.3 0.22. 10-2 — 6.21] 

750 9.7 0.07- 10-3 — 7.24 

700 10.3 0.06 - 10-8 —741 


Figure 12 shows that a decrease in the grain size leads to a rapid 
increase in the diffusion coefficient. The differences between the diffusion 
coefficients in single crystals and in polycrystalline specimens are 
particularly great. 

Thus, at 700°C, D= 0.06-10 ? cm?/day for single crystals and D=2.3-107? 
for a specimen with a 0.13 mm grain size (i.e., a forty-fold increase). As 
the temperature is increased, these differences become smaller. 


i 
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FIGURE 12. Dependence FIGURE 13, Electrical 
of the diffusion coeffic- resistivity of NaNO, 
ient on the grain size: according to Hevesy: 
1—0.13 mm; 2— 0.37 1— single crystal; 
mm; 3— 0.48 mm; 2— polycrystalline 
4— single crystal. aggregate, 


The temperature dependence of the diffusion coefficient is almost 
uninfluenced by the grain size in polycrystalline specimens, and the straight 
lines are almost parallel. Thus, the data of Foneta, Jound, and Walker are 


47 


confirmed. In the diffusion of thorium in tungsten, the temperature 
dependence of the diffusion coefficient in polycrystalline aggregates is 
different from that in single crystals. The heat of loosening calculated from 
the temperature curves is Q= 20,000 for polycrystalline specimens of all 
grain sizes, and Q= 25,000 for single crystals, which means that the energy 
required for the interchange of the position of atoms is about 25% higher in 
single crystals than in polycrystalline aggregates. 

Our results differ somewhat from those of van Liempt /37/, who found 
that the heat of loosening Q is the same for single crystals as for poly- 
crystalline specimens. 

Nevertheless, certain indications, especially the experimental data on the 
electrolytic conductivity of salts, confirm the correctness of our conclusions. 

Comparative studies on the electrolytic conductivity of salts in single 
crystals and in polycrystalline specimens were carried out by Hevesy and by 
Tammann and Veszi. The results are very similar to ours on diffusion in 
copper. 

Figure 13 shows the temperature dependence of the electrical resistivity 
of single crystals and of polycrystalline specimens plotted from the data 
of Hevesy /45/. As in our studies the slope of the temperature curve which 
determines the value of the heat of loosening Q is appreciably greater for 
single crystals than for polycrystalline specimens. Similar results were 
obtained by Tammann and Veszi in their investigation of the electrolytic 
conductivity of a number of salts. From the results for potassium 
chloride, these authors calculated the difference between the electrolytic 
conductivity in the interior of the crystal and on its surface. They found 


that Re = 3-10?— 150-102, i.e., the electrolytic conductivity in the boundary 
1 


layers is 300—15,000 times greater thanin the interior of the crystal. Itis 
interesting that the electrolytic conductivity of fused KCl is 10* times that of 
a single crystal at the melting point. 

Thus, these calculations show that the energy state of atoms on the grain 
boundaries is close to that in liquids. 

Tammann and Veszi believe that the reasons why the mobility of atoms 
is considerably higher in polycrystalline specimens than in single crystals 
are as follows: 

1) single crystals have a fixed crystallographic direction (unlike poly - 
crystalline aggregates); 

2) in single crystals the impurities are distributed differently than in 
polycrystalline aggregates. 

It has been found that in metals with a cubic lattice the different crystal- 
lographic orientations of single crystals and of polycrystalline substances 
cannot be the reason for the higher electrolytic conductivity or the higher 
intensity of diffusion in polycrystalline aggregates. 

Studies on the influence of impurities on the mobility of particles in 
polycrystalline substances must be based chiefly on measurements of the 
electrolytic conductivity since there have been no systematic investigations 
on the diffusion of metals. The influence of impurities on the electrolytic 
conductivity is considerable, but it is different for single crystals and for 
polycrystalline aggregates. In single crystals impurities enter the solid 
solution, and in polycrystalline aggregates they concentrate on the grain 
boundaries. The influence of impurities on the electrolytic conductivity 
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of a polycrystalline substance should therefore be greater than that on the 
conductivity of single crystals. 

However, Tamman and Veszi found that the removal of impurities has the 
same effect on the electrolytic conductivity of both single crystals and 
polycrystalline substances. 

In any case, the considerable increase in the mobility of atoms at the 
grain boundaries cannot be explained by the above reasons. 

To explain this, we should start with the Hevesy theory on the greater 
loosening of intercrystalline layers. The fairly large amount of experimental 
data on the nature and properties of intercrystalline layers show that the 
structure of these layers differs from that of the crystal since these layers 
contain irregularly located atoms. As a result, the binding forces between 
the atoms are smaller, and to detach such atoms from their equilibrium 
position less energyis needed than for the detachment of atoms in crystals. 
Obviously, even a small difference in the heat of loosening (about 20% in our 
case) can lead to a considerable increase in the diffusion coefficient of 
polycrystalline substances. 

Apparently, small differences between the heat of loosening of single 
crystals and of polycrystalline substances should always be expected, 
otherwise it would be impossible to explain the considerable differences in 
the absolute values of the diffusion coefficients. * It can be seen that a 
decrease in the grain size of polycrystalline substances has no influence on 
the value of Q because the energy state of the atoms in the intercrystalline 
layers is not changed by this decrease, and only the relative surface 
occupied by the grain boundaries increases. 

If we consider the differences between the values of Q for crystals and 
intercrystalline layers, we cannot state that the temperature dependence 
of the diffusion coefficient for polycrystalline specimens is governed by an 
exponential law. However, Dcan be written as the sum of exponents: 


_ in 2% 
D=A,,e RT +A, e RF: 


If the difference between Q;, and Q, is small, then the deviation from the 
exponential law is almost negligible. 

Our study on the influence of the grain size on the diffusion process was 
based on experimental data, which usually indicate that the diffusion 
coefficient increases with decrease in the grain size. 

However, some authors state that the diffusion rate is not influenced by 
the grain size. Thus, Seith and Keil /46/ were unable to find any relationship 
between the grain size and the coefficient of self-diffusion of lead. Elam 
/29/ studied the diffusion of zinc in copper, and found no preferable 
penetration of zinc along the grain boundaries of copper crystals. Similar 
results were obtained by Rhines /30/. It was found that the grain boundaries 
exerted no influence on the diffusion of carbon in y-Fe and ina -Fe. ** 


* In fact,if we consider that Q varies, the increase in D for polycrystalline specimens can be explained only 
by the increase in the interatomic distances in the intercrystalline layers, and as is known, this cannot have 
any great influence. 

** According to Andreev, Kontorovich, and Savelova /47/ grain coarsening of "Armco" iron even increases the 
depth of diffusion of nitrogen. In fine-grained iron the depth of penetration of nitrogen is 0,26 mm, and in 
coarse-grained it is up to 0.58 mm. Kontorovich also found that grain coarsening increases the rate of 
diffusion of carbon in titanium and in steel. The authors assume that the formation of interstitial solid 
solutions in more energetically stable systems increases the diffusion rate. 
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These data, though few, indicate that the influence of the external surfaces 
of crystals is not general. However, these exceptions cannot influence our 
earlier conclusions, and they are even understandable if we consider that the 
influence of the external surfaces is related to the ''structural''sensitivity 
of diffusion in various metals. 

The grain boundaries must be identified with internal crystal defects, 
and their role considered as that of these defects. 

We have already mentioned that the importance of crystal imperfections 
can vary. For example, they can only slightly influence the self-diffusion of 
metals, including lead. We can thus explain the results of Seith and Keil, 
who found that the grain boundaries had no influence on the rate of self- 
diffusion of lead. Similarly, it can be assumed that the grain boundaries 
will have little influence on the self-diffusion of other metals. 
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Chapter IV 


DEPENDENCE OF THE DIFFUSION COEFFICIENT 
ON THE CONCENTRATION OF IMPURITIES 


The diffusion coefficient can be found from experimentally determined 
concentrations of impurities by means of the following formula: 


“OL. Ox? (1) 


Formula (1) is correct only if D does not depend on x. If the solvent 
metal is homogeneous, and the temperature is always the same, the 
dependence of Don x is tantamount to the dependence of D on the concentra- 
tion of impurities. However, D remains independent of the concentration of 
impurities over a narrow range of concentrations only, particularly during 
diffusion in a solid metal. This must be taken into account when determining 
the absolute values of the diffusion coefficient from experimental data. 

If D does depend on concentration, then instead of equation (1) we must use 
amore general equation obtained as follows. From the continuity equation 
for diffusing metals it follows that 


7] : 
= — div j, 
where j is the flux density. Assuming that j=—D grad ¢, we obtain 


de ' 
ay = div (D grad c). (2) 

If the concentration depends on a single coordinate x only, then formula 
(2) can be written as 


(3) 


Since D depends onc, it also depends on x, and therefore D must not be 
taken out of the sign of the derivative. Matano /48/ suggested a method for 
determining D from experimental data when Ddepends onc. This method 
is based on the experimentally found relationship between the distance x from 
the boundary plane to the point at which the concentration is measured and 
the diffusion time t. This relationship can be written: 


x= VF, 
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where XA depends on concentration only. It has been calculated that 


if f Adc =0. 
D 


From formula x= iV ¢t, we can write the formula for Das follows: 


c 
1 dx 
cima ee ae (4) 


provided that 


f «dce=0. 


0 


Mehl and Rhines /22/ used formula (4) for a graphical determination of 
the diffusion coefficient. They obtained an ordinary diffusion curve 
experimentally in x, ¢ coordinates, where x is the distance from the boundary 
planes, and cis the concentration of the diffusing substance. The value of 
xa was found from the slope of the tangent to the curve at the point 

c 
corresponding to a given concentration. The value of yee was determined 


as the area included between the section of the diffusion curve in the range 
of concentrations from 0 to ¢, and the line corresponding to the interface. 
Figure 14 shows Mehl's diagram for determining the diffusion coefficient of 
aluminum in copper. 


At.% of aluminum 


PTT 
16 aN 


FIGURE 14, Determination of D according to Mantano and Mehl, 
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This diagram gives as an example the method for determining Data 
concentration of 4% of aluminum. The double hatched surface corresponds to 


0.04 
the value f xdc.The broken line represents the slope of the curve at the point 


sonvespondine to the above concentration. 

The method suggested by Matano and further improved by Mehl and 
Rhines is applicable only if we have a complete concentration— depth of 
penetration curve, which is difficult to plot experimentally. 

The influence of the concentration of impurities is interesting not only to 
find accurate diffusion coefficients, but also because it indicates how the 
nature of the solid solution formed as a result of diffusion differs from that 
of ideal solutions. It is therefore important to determine the concentration 
of the impurity metal at which Dis not yet influenced by its concentration. 

The influence of concentration on the heat of loosening is of particular 
interest. Therefore, as in other cases, we must study not only the 
absolute values of the diffusion coefficient D, but also its temperature 
dependence. 

Dunn /49/ was one of the first to study this field. He found the 
temperature dependence of the coefficient of diffusion of zinc in @ -brass 
(initial content of zinc 9.58% and 29.08%), and noted that the absolute value 
of the diffusion coefficient increases with increase in the concentration of 
zinc, but the temperature dependence of the diffusion coefficient (and 
consequently the Q value), remains unchanged. 

Seith and Keil /50/ studied the results of Dunn, and concluded that the 
differences between the diffusion coefficients at different concentrations 
are.due to the different melting points of the alloys only. In other words, 
the concentration of impurities as such has no influence. 

To clarify the influence of the concentration of impurities on the diffusion 
coefficient we studied /51/ the diffusion of cadmium and of zinc in silver at 
different concentrations of the diffusing metals. As starting materials we 
took silver (Kalbaum) and zinc and cadmium (A.P.). The zinc and cadmium 
were also preliminarily distilled in vacuo to obtain a material of maximum 
purity. The diffusion coefficients were determined by the method of 
evaporation. The initial (maximum) concentration of the diffusing metal was 
5,10, and 15 wt% of cadmium in silver, and 5, 10, and 15 wt% of zinc in 
silver, which corresponds to 4.8, 9.6, and 14.5 at.% of cadmium in silver, and 
8.2, 16.4, and 24.6 at.% of zinc in silver. The composition of these alloys 
was determined by chemical analysis to within 0.2—0.5 wt%. The samples 
were prepared in the form of cylinders 0.5 mm in diameter, which were then 
rolled and drawn into wire with a diameter which varied from 0.7 to 0.45 mm. 
depending on the diffusion temperature. The wire was cut into specimens 
2 cm long, and these were heated in vacuo to different temperatures over the 
range 700—900°C. The specimens were taken out of the furnace after the 
same periods of time, and their weight loss Aq/At was determined to within 
0.00002 g. From these data, curves were plotted in Ag/At(or 4g, since At was 
constant) and ¢ coordinates. The values of D were determined from the slope 
a. Some of the data from the study of the diffusion of cadmium in silver 
and of zincinsilver atdifferent concentrations of the diffusing metal are given 


in Tables 30—36. The temperature curves In D—* are given in Figures 


15—20. 
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TABLE 30, Ag—Cd (5% Cd) 


TABLE 31, Ag~Cd (10% Cd) 


D - 10? 


em*/day 


TABLE 32, Ag—Cd (15% Cd) 


ty «|D-10-2ld mm 


0.07) 0.011 | 0.45 


D.\0-? 


850 


FIGURE 15. Diffusion of Cd 
in Ag (5% Cd). 
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FIGURE 16. Diffusion 700 | 0.10} 0.05 | 0.7 
of Cd in Ag (10% Cd), 
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The lowest concentration of the diffusing substance in our experiments 
was 5%, Since the conditions of these experiments made it difficult to 
determine the diffusion coefficients at lower concentrations. Therefore, to 
determine PD at very low concentrations of diffusing metals in Ag—Cd 
Systems, we used the data of Seith et. al., /19/, who studied the diffusion of 
different metals in silver at very low concentrations of the diffusing metal. 
In the diffusion of cadmium in silver, the concentration of cadmium did not 
exceed 0.3%. By comparing the coefficients of diffusion of cadmium in 
Silver obtained by Seith et. al., with our values for 5 wt% Cd (4.8 at. % Cd), 
it was possible to determine whether the diffusion coefficient changes over 
the range 0—5% of cadmium. 


TM Citga 


D-10-4[4amm 


850 | 0.35) 0.10 | 0.520 


wees [= 


800 {0.21} 0.06 | 0.52 


750 $0.17} 0.04 | 0.50 


FIGURE 17. Diffusion 700 |0.16/ 0.04 | 0.50 
of Zn in Ag (5% Zn), 


T° C| tgalD-10-3%d mm 


800 | 0.69) 0.34 | 0.7 


750 |0.22} 0.11 | 0.7 


700 | 0.13} 0.05 | 0.65 

0 2 4 6¢ se 
FIGURE 18. Diffusion 650 | 0.08! 0,03 | 0.65 
of Zn in Ag (15% Zn). 


TABLE 33. Diffusion of Cd in Ag 


Diffusion coefficient at a concen- 
tration of 5% Cd,cm*/day 


Diffusion coefficient 


Se as according to Seith et al. 
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TABLE 34, Ag—Zn (5% Zn) 


| 
1 D-10? 

o | = 4 InD 
mK | T° 10 | cm?/day | 
SS ee ly 

1123 89 0.10 — 6,90 
1073 9.3 0.06 — 7,4) 
1023 9.8 0.04 ‘= 7.82 

987 10.3 0.04 — 7.82 
TABLE 35. Ag—Zn (10% Zn) 

: i D +10" 

a pe 1M | cm’*/day | an 

1123 8&9 0.20 — 6.21 
1073 9.3 0.08 — 7.13 
1023 9.8 0.06 — 7.41 

973 10.3 0.04 — 7,82 

TABLE 36. Ag—Zn (15% Zn) 
1 D-102 
r = ‘10+ 
* (ihe | cm*/day | es 

1073 9.3 0.34 — 5.68 
1023 98 0.11 — 681 

973 10.3 0.05 — 7,59 

923 10.8 0.03 — 8.10 


Table 33 shows that the data of Seith et al., for very low concentrations of 
the diffusing substance agree well with our data obtained for 5% Cd, 
particularly at 800°C. This indicates that in the range 0 — 5% of cadmium, the 
diffusion coefficient D remains approximately constant (within the 
experimental error), and consequently the fundamental equation for diffusion 
holds for this concentration range also. 


6 9 0 1,,6 
"abs 
FIGURE 19. Diffusion of FIGURE 20, Diffusion of 
Cd in Ag. Zn in Ag. 
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Tables 30—33 show that for 10 wt% of cadmium the values of D are very 
different from those for 5% of cadmium. This difference increases with 
decrease in temperature. At 800°C, Dio), is 20 times Ds,. Thus, the values 
of D determined at an initial concentration of 10% of cadmium are not the 
real diffusion coefficients. 

With 15% of cadmium the value of D is not very much smaller than Diy), 
but as the temperature decreases, Diwy,— Dis, increases. 

Although it was impossible to determine whether the diffusion coefficient 
of zinc in silver in the range 0—5 wt% of zinc changes, Tables 34—35 
indicate that the differences between the diffusion coefficients for 5 and 10 
wt % of zinc (or 8 and 16 at.% of zinc) are small. Therefore, for 
concentrations in the range 0—5% of zinc, the difference should also be 
small. 

It should be pointed out that the differences between the diffusion 
coefficients for various concentrations of zinc in silver are more or less 
noticeable at elevated temperatures only, and decrease greatly as the 
temperature decreases. At 700°C, Dis almost the same for all concentra- 
tions of the diffusing metal. The opposite occurs during the diffusion of 
cadmium in silver. 

During the diffusion of cadmium in silver the heat of loosening 
decreases with increase in the concentration of cadmium, but during the 
diffusion of zinc in silver the heat of loosening increases. This last 
result is somewhat unexpected, since it seems probable that as the 
concentration of the diffusing metal increases, the lattice of the solvent 
becomes more loosened, which should lead to a decrease in the value of Q. 

The above data, however, are insufficient for determining the relationship 
between the heat of loosening and the concentration of the diffusing metal. 
The results of these experiments only indicate that the temperature 
dependence of the diffusion coefficient varies with variation in the concentra- 
tion of the diffusing metal, and therefore the above conclusions of Seith 
are not confirmed. 

We found by experiment that the concentration influences the diffusion of 
cadmium in silver more than that of zinc in silver, because the atomic 
volume of cadmium is larger than that of zinc. 

The present study was soon followed by the thorough research of Mehl and 
Rhines /22/ on the diffusion of zinc, aluminum, beryllium, cadmium, silicon, 
and tinin copper. Their results confirm our conclusions on the different 
influences of the concentration on the temperature dependence of the 
diffusion coefficient. 

Thus, Mehl and Rhines found that an increase in the concentration of zinc 
and tin in copper decreases the value of Q, but an increase in the concentra- 
tion of beryllium, silicon, and aluminum has the opposite effect. Thus, the 
nature of the variation in Q with concentration apparently depends on the 
nature of the diffusing metal. 

The chief conclusion of Mehl and Rhines was that for low concentrations 
the coefficients of diffusion of different metals in copper are close to one 
another and become even closer as the concentrations approach zero. They 
thus concluded that with extrapolation to a zero concentration the diffusion 
coefficient of any metal becomes equal to the coefficient of self-diffusion of 
the solvent metal, and the coefficient of self-diffusion of the basis metal can 
be determined from the concentration— diffusion coefficient curve. This 
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conclusion is somewhat erroneous, since the authors extend their theory 
on the equality of the diffusion coefficients at low concentrations (at zero 
concentration) to any temperature. 

Their own curves indicate that the diffusion coefficients referred to zero 
concentration (D,— 0) can be considered approximately equal at 
elevated temperatures only, close to the melting point of copper. If the 
temperature is decreased, the difference between the values of D increases. 

The curves of Mehl and Rhines confirm our conclusion on the diffusion 
of gold and silver in lead, namely: curves showing the temperature 
dependence of the diffusion of different metals in the same solvent intersect 
at approximately the same temperature close to the melting point of the 
solvent metal. .This is true,in particular, for high-melting metals. 

To a certain approximation it can also be said that the curve representing 
the self-diffusion of the basis metal intersects at the same point. Therefore, 
the method of Mehl and Rhines can be used to find the coefficient of self- 
diffusion of copper at a temperature close to its melting point only. 

Mehl and Rhines believe that the heat of loosening Qis almost the same 
for different metals at concentrations close to zero. But this conclusion has 
not been proved. 

According to the same authors, when the values of Q for different diffusing 
metals are extrapolated to c=0, they differ from one another. For example, 
for the diffusion of beryllium in copper Q =28,000 cal, for the diffusion of tin 
in copper, Q=45,000 cal, and for the self-diffusion of copper Q=57,200 cal. 
The last value was found by Steigman and co-workers. 

Since the conclusions of Mehl and Rhines contradict the data of Seith and 
co-workers on diffusion in lead and silver, and their main conclusion on the 
dependence of the diffusion rate on the relative positions of the solute and 
solvent metals in the periodic table, Seith and Herrmann /52/ recently 
studied the influence of the concentration of the impurities on the diffusion 
coefficient. To confirm their point of view, Seith and Herrmann 
accurately measured the diffusion coefficients of magnesium and thallium 
in lead at different concentrations of the diffusing metal. Their results 
show that during the diffusion of magnesium in lead at 250— 270°C, the 
diffusion coefficient increases from 5:10°° cm?/day to 9°10°5 cm?/day when 
the concentration of the diffusing metal is increased from 0.5 to 3.5 at. %. 
However, extrapolation to a zero concentration gives a value appreciably 
greater than that of the self-diffusion of lead. Thus, at 245°C and c=0, Dis 
about 4:10 °° cm*/day, but the coefficient of self-diffusion of lead at the same 
temperature is only 9-107"? cm?/day. 

A study of the diffusion of thallium and lead at concentrations from 8.5 to 
03 at.% showed that the concentration has no influence on the diffusion 
coefficient. As in Seith's previous work, A=9-1074 em?/day and 
Q= 24,600cal. 

Seith and Hermann also found that it is impossible to determine the 
coefficient of self-diffusion at any temperature by extrapolating the D— 
composition curve, and that sometimes the diffusion coefficient is not 
influenced by the concentration of the diffusing metal. 

From our experimental data and those of other authors, the following 
conclusions can be drawn on the influence of the concentration of the 
diffusing metal on its diffusion coefficient and on the heat of loosening. 

1). The diffusion coefficient is usually influenced by the concentration 
of the diffusing metal, and decreases with increase in this concentration. 
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However, sometimes as in the diffusion of thallium in lead, the concentra- 
tion of the diffusing metal has no influence on the diffusion coefficient. * 

The influence of the concentration of the diffusing metal on the diffusion 
coefficient depends on the nature of the metal. 

2). At very low concentrations of the diffusing metal (close to zero), the 
diffusion coefficient is still appreciably higher than the coefficient of self- 
diffusion of the solvent metal. But at temperatures close to the melting 
point of the solvent metal these values become comparable, so that the value 
of the heat of loosening for the self-diffusion of the solvent can be 
approximately calculated. 

3). The heat of loosening Q is always higher for the self-diffusion of a 
solvent metal than for the diffusion of any other metal into it, even at low 
concentrations of the diffusing metal. Thus, as the impurity atoms penetrate 
into the lattice of the solvent, the heat of loosening becomes lower than that 
during self-diffusion. The decrease is not gradual with increase in the 
number of impurity atoms, but is stepwise, even for a small number of 
impurity atoms. 

4). An increase in the concentration of impurity atoms can either 
increase or decrease the value of Q. 

The increase in the energy required to detach an atom from its 
equilibrium position with increase in the concentration of impurity atoms is 
apparently due to the formation of new bonds in the lattice at high concentra- 
tions of the diffusing atoms. 


* Blanter /53/ studied the influence of the concentration of carbon in unalloyed austenite on the process of 
diffusion, and found that the heat of loosening is almost the same in steels containing 0,2, 0.4 and 0.7%, of C: 


Q = 31,350 + 800, 
However, A is greatly influenced by the composition of the metal. For example: 


A =5,58-107? cm*/sec for 0.2% C; 
A =1.53:107? cm?/sec for 0.4% C; 
A =9.63°107? cm*/sec for 0.7% C. 


Blanter correlates A to concentration by the following formula: A= 0,04+ 0.08% C cm*/sec, which 
shows that an increase in the content of carbon in steel leads to an increase in the diffusion coefficient D. 
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CONCLUSION 


1. The first part of this book gives a discussion on the fundamental 
problems of ''atomic" diffusion. In the first chapters we attempted to find 
the rules governing the diffusion rate of different metals. We also attempted 
to give a general, although approximate, picture of the processes of diffusion. 

The rules found in these chapters are mainly based on the assumption that 
all diffusion coefficients are equal at the melting point of the same solvent 
metal. 

This assumption is confirmed best by the self-diffusion of a metal, and 
can be written as follows: 


Q 
RT, 


== const. (*) 


The numerical value of the ratio (*) found from experimental data is 
equal to 20 (or rather between 19 and 20). We based our conclusions on the 
available data on the self-diffusion of lead, gold, and copper. 

The simple relationship between the melting point and the heat of 
loosening shows that the heat of loosening can be classed with other values 
which characterize the state of solids, such as: heat of fusion, heat of 
vaporization, etc. Therefore we were able to apply the known law of 
corresponding states at the melting point to self-diffusion. 

The heat of loosening (or héat of activation) determines the potential 
barrier which must be overcome by an atom during its passage from one 
equilibrium position to another, and is becoming more and more used as a 
characteristic of solids. This characteristic is today introduced in the study 
of various processes, including those related to changes in the mechanical 
properties of metals. Therefore, even an approximate assessment of this 
value for different metals is of considerable practical and theoretical 
interest. 

It has been found that the law of corresponding states can be applied to 
impurity diffusion in metals. The coefficients of impurity diffusion are 
usually so close to one another that they can be considered the same, at 
least within one order of magnitude, 

From these considerations a formula was found for the temperature 
dependence of impurity diffusion. 


9:—Q Q 
D wz 220 RF, g RF (**) 


= RT, 


This formula, unlike earlier ones, does not include the heat of loosening 
@, for impurity diffusion, nor the heat of loosening Q,, for the self-diffusion of 
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the solvent, which indicates a quantitative relationship between these two 
processes. 

Although formula (**) is only speculative, it is hoped that this will be a 
link in the development of a more exact diffusion theory. 

The applicability of the law of corresponding states and of formula (**) 
for impurity diffusion is confirmed because if Q, for self-diffusion of the 
solvent is calculated from data on impurity diffusion using formula (**), the 
values obtained agree well with one another (for a given solvent) and with 
experimental results. 

Nevertheless, we do not consider that formula (**) is accurate, but 
believe that basically it is qualitatively accurate. We also believe that this 
formula can help to open up new research on the diffusion of metals, which 
we Shall discuss later. The equality of the coefficients of impurity 
diffusion, and consequently the applicability of formula (**), can be used as a 
criterion for judging the value of the diffusion coefficient and of the 
mechanism of the process, at least in the range of ordinary temperatures. 
It can be assumed that the relative value of each of the possible types of 
the mobility of atoms in the crystal lattice is more or less constant if the 
law of corresponding states (which determines the "normal" value of the 
diffusion coefficient) holds, and inversely, a large deviation from this law 
indicates that the relationship between the different types of mobility is 
disturbed and one of them is intensified. We know of several cases when. 
the value of D, at the melting point is appreciably higher than the ''normal'' 
values. For example, in the diffusion of gold and silver in lead, the value of 
D, near the melting point of lead is 10°5— 107° cm?/sec (instead of the usual 
value for most metals of 1079—107! em?/sec). 

Seith earlier maintained that the more rapid diffusion of gold in lead is 
due to the mobility of gold atoms mainly in the interstices of the lead 
crystal lattice. 

Another example which is very important in practice is the diffusion of 
carbon in y-iron. 

The recently published paper of Mehl and Wells /54/ indicates that the 
diffusion coefficient of carbon in y-Fe near the melting point is about 10° 
cm?/sec, i.e., the same value as in the diffusion of silver and gold in lead. 
It is natural to assume that the small carbon atom migrates mainly 
between the atoms of iron without taking up any regular position in the 
lattice. This is quite probable, since carbon forms an interstitial solid 
solution in y-Fe. 

Thus, if we consider as ''normal" those values of D, which conform 
with the law of corresponding states, deviations from these values will help 
us to infer the mechanism of mobility. 

The problem of the heat of loosening during impurity diffusion is the most 
important and complex. We did not attempt to determine this value 
theoretically, but tried to find the chief factors influencing it. We found that 
the atomic volumes of the diffusing metals and the coefficient of hydrostatic 
stress influence this value. The quasiempirical equation relating the heat of 
loosening during impurity diffusion to the atomic volumes of the diffusing 
metals and the contraction coefficient of the solvent metal describes many of 
the experimental results fairly well. The introduction of the idea of a 
"spatial factor" for diffusion is a development of the earlier theory of Seith 
on the influence of "relative valencies.'' These theories are somewhat 
analogous to the Hume-Rothery rules on the formation of solid solutions. 
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From the above discussion it can-be stated that the chief factors 
determining the diffusion rate in metals are: the melting point and the 
contraction coefficient of the solvent metal, and the atomic volumes of both 
diffusing metals. 

2. The rules that we have discussed in this book are only approximate. 
Their accuracy is limited by the influence of a number of factors which have 
not been considered during the general study of diffusion processes. The 
most important of these are related to the structure of the diffusing metals. 
Therefore, in the following chapters of this book the influence of the structure 
of metals on the rate of diffusion will be described. These problems have 
been discussed mainly on the basis of our experimental data. 

First, we studied diffusion in metallic single crystals, and determined the 
dependence of the diffusion rate on the crystallographic direction. 
Anisotropy of the diffusion rates is observed in crystals of the hexagonal 
system, but this anisotropy decreases greatly with increase in temperature, 
and near to the melting point the diffusion rates in different directions are 
almost equal. This phenomenon, which is understandable if we consider 
lattice loosening, has not yet been experimentally confirmed. The influence 
of temperature on the anisotropy of diffusion explains the orientation of 
phases produced at low temperatures. An example is the formation of 
lamellar pearlite (with a characteristic orientation of the cementite lamellas) 
probably the result of a certain supercooling of austenite to temperatures 
below the eutectoid transformation. It is also believed that the formation of 
Widmanstatten structures (characterized by the orientation of the precipitate 
of.one of the components of steel) is to a certain extent due to the super- 
cooling of austenite. Another characteristic example of an oriented product 
of a diffusion transformation is the formation of annealing structures when 
martensitic steel is annealed at fairly low temperatures. The specific 
direction of the precipitation of cementite (which coincides with the direction 
of the initial martensite needles) can‘be explained by the anisotropy of 
diffusion. . 

The next problem we discussed was the "structural sensitivity" of 
diffusion. Although this problem has not yet been clarified, we can state 
approximately that at relatively elevated temperatures at which diffusion 
can be measured the imperfection of the crystal structure is of no great 
importance. The existence of rules which do not depend on the method of 
production and treatment of the diffusing metal indicates that diffusion is 
structurally insensitive. 

It can thus be expected that if the law of corresponding states holds for a 
metal, the structural sensitivity is not important. The self-diffusion of 
metals conforms to this law best, and should have the lowest structural 
sensitivity. This has,in fact, been confirmed by direct observations 
described in a chapter of this book. 

The third problem related to structure was the influence of external 
surfaces which separate individual grains on the diffusion rate. 

During a study of this problem we confirmed the well-known fact that with 
increase in the grain boundaries (i. e., decrease in the grain size) the 
diffusion coefficient increases. We also found that polycrystalline aggregates 
have different absolute diffusion coefficients and also different heats of 
loosening Q than single crystals. The differences are not so great as to 
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affect the exponential nature of the temperature dependence of D, but it is 
important in itself, since without such a difference it would be difficult to 
explain the dependence of the absolute value of D on the grain size. 

We explained the influence of the grain size by the greater loosening of 
the grain boundaries, which leads to a weakening of the intermetallic bonds. 
There is reason to believe that the influence of the grain boundaries, like 
that of structural sensitivity in general, is exerted least on self-diffusion. 

The influence of the structure on the diffusion rate is noticeable only as 
we pass from a polycrystalline aggregate to a single crystal. Structural 
changes in polycrystalline substances which do not entail any phase 
transformations are small, and can change the diffusion coefficient by not 
more than one order of magnitude. 

3. In the last chapter of Part One we discussed the dependence of the 
diffusion coefficient on the concentration of the diffusing metal. The 
conclusions will not be repeated here, as they were formulated quite 
clearly. 

4. The purpose of the first part of this book was to study diffusion in 
metals experimentally and clarify its main aspects. We do not yet have any 
experimental basis for determining the mechanism of the mobility of 
atoms in crystal lattices. We can only make assumptions as to which type 
of mobility (of the three mentioned above) is predominant in a particular 
case. Thus, we believe that a number of experimental data indicate that 
the predominant type of mobility during self-diffusion of pure metals is 
direct interchange of pairs of atoms. This opinion is supported by the 
simple relationship between the heat of loosening and the melting point, 
which is identical for all metals so far studied, by the low coefficient of 
self-diffusion and correspondingly high value of Q, by the lack ofa 
tangible structural sensitivity of this phenomenon, and by the small 
influence (as far as this could be determined) of the external surfaces. 
From the above we can conclude that the mobility of atoms in their own 
lattice is very regular and slow. Thus, these conditions are best described 
by direct interchange of pairs of atoms. 

On the other hand, we found that the diffusion of an impurity metal has a 
very high diffusion coefficient, which does not agree with the existing rules 
(for example, diffusion of carbon in iron). It is possible that in such cases 
other types of mobility predominate, which accelerate the process. Such 
types include interstitial and vacancy mechanisms. In all other (''normal’’) 
cases of impurity diffusion there is, apparently, a certain relationship 
between all processes of atom exchange. The discovery of these will make 
it possible to develop a more complete theory of diffusion. 
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Part Two 


REACTIVE DIFFUSION OF METALS* 


Chapter I 


NATURE OF PHASES FORMED AS A RESULT 
OF REACTIVE DIFFUSION 


§1. Determination of possible diffusion beyond 
the solubility limits 


The specific feature of atomic diffusion that we discussed in the first 
part of this book is that it results only in a change in the concentration of 
the solid solution formed in the lattice. This change determines the 
structure and the properties of the product formed on the surface of the 
basis metal as a result of diffusion. 

However, it is possible that microstructural studies of such a surface 
will not reveal any noticeable changes in the starting basis metal, since 
the structure of the solid solution formed does not differ from that of the 
solvent metal. In such cases the diffusion layer is not separated from the 
basis metal by any sharp boundary, and only careful etching may 
approximately show the depthof penetration of the diffusing atoms. 

However, sometimes atomic diffusion appreciably changes the structure 
of the surface layer. This happens if an increase in the concentration of 
the solid solution at elevated temperatures involves a phase transformation 
during the cooling of the diffusion layer and precipitation of new structural 
components. An example of such a process is cementation of iron, in 
which the solid solution (austenite ) formed decomposes as a result of cooling 
into a mechanical mixture of ferrite and cementite. Thus, in this process 
a new phase, cementite or iron carbide Fe,C, isformed. However, we 
classify this process as atomic diffusion, since the new phase is not formed 
as a result of diffusion, but through additional processes associated with 
phase transformations as a result of cooling. 

Therefore, the process of atomic diffusion should be defined as one 
which does not involve the formation of new phases as a result of direct 
diffusion. It is certain that atomic diffusion can take place up to a certain 
concentration only (solubility limit) of the diffusing metal in the lattice of 
the solvent metal. Some authors, for example, Guillit and Bernard /57/, 
believe that this is a necessary condition for any diffusion, whichsmeans 
that they considered atomic diffusion as the only possible type in solid 
metals. 

Today, the erroneousness of this assumption is obvious. The 
appreciable amount of accumulated experimental data, and numerous industrial 
processes on the surface treatment of metals, indicate that inter- 


* The first and second chapters on the reactive diffusion of metals were written together with D. Gluskin. 
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diffusion of metals is possible to concentrations many times that of the 
limiting solid solutions formed by each of the diffusing metals. Obviously, 
this can occur only as a result of the formation of new phases at the 
contact boundary of the metals. The crystal lattices of these phases are 
different from those of the starting metals. This type of diffusion we shall 
call reactive diffusion. 

We should like to point out that these terms are relative, since chemical 
interaction between atoms can take place in ordinary solid solutions also, 
and this determines the dependence of the diffusion coefficient on the 
concentration. However, we shall employ these terms because of their 
wide usage. 

Most industrial processes related to the heat treatment of metals are 
based on reactive diffusion. We should include, for example, calorizing 
and nitriding of iron, hot-dip tin and zinc coating, etc. These processes 
show the actuality of the problems of diffusion. 

Possible diffusion beyond the solubility limits was mentioned by 
Charpy in 1903 /58/. He found that cementation of iron in potassium cyanide 
at 650°C can increase the concentration of carbon on the surface of iron to 
6.72%. Since at this temperature only a-iron exists, which dissolves almost 
no carbon, the results of Charpy could be explained by either the saturation 
of the surface of iron with free carbon, or the formation of a new carbon- 
rich phase, such as iron carbide (Fe3C, containing 6.67% of carbon). 

The results of Charpy were. confirmed and verified by Zing. /59/, who 
experimented on the cementation of iron and steel specimens at 670— 690° 
and 780— 800°C. A study of the microstructure of the specimens showed that 
in steel specimens a continuous layer of cementite is formed, with a sharp 
boundary dividing it from the bulk of.the metal. 

In one of the experiments at 670— 690°C, avery thin steel sheet 
(0.05mm) was completely transformed into cementite. 

The term "reactive diffusion" was introduced by Fry /60/, who studied 
the diffusion of phosphorus, silicon, nickel, manganese, and sulfur in iron. 
He gave his results in the form of curves in concentration — depth of 
penetration coordinates. He found that phosphorus and silicon give curves 
which are rather different from those for the diffusion of sulfur, manganese, 
and nickel in-iron, and hence concluded that the diffusion of nickel, sulfur, 
and manganese in iron is different from that of phosphorus and silicon. 

He believes that the diffusing element exists in the lattice of the 
solvent metal as molecules of a compound with iron, and not as 
atoms. Thus, the diffusion of phosphorus in iron yields a chemical 
compound Fe3P; which.enters the iron lattice as whole molecules. 
This explains the specific shape of the curve obtained. The process 
of diffusion can thus lead to the formation of molecular solid 
solutions. Fry called this process reactive diffusion, in contrast 

to atomic diffusion. 

The mechanism suggested by Fry to explain the shape of the 
diffusion curve cannot be considered satisfactory for a number: of 
reasons, mainly because of the hypothesis on the existence of molecular 
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solid solutions in metallic systems.* Prokoshkin /62/ analyzed Fry's 
results. He showed that the shape of the concentration curve for silicon 
and phosphorus is due to phase transformation and not to the molecular 
nature of the solid solutions formed. 

The formation of intermetallic phases as a result of diffusion in solids 
has been confirmed by many authors including Prof. Tsigler and co- 
workers /63/, Laissus /64/, Grube./65/, Jones /66/, Eisenhutt and 
Kaypp /67/, and others, who studied the diffusion of iron, and by Elam /29/, 
Weiss /68/, Oknov /69/, Bugakov and Gluskin /70/, and many others, 
who studied diffusion in different metals. The only condition for the 
formation of new phases as a result of diffusion is that the substances 
participating in this process must be able to form intermetallic compounds. 
The existence of this ability can be determined from the phase diagram 
of the diffusing metal. | _ 

Even if the phase diagram indicates that both solutions and also different 
intermetallic compounds can exist in a given system, there remains the 
problem of the sequence of formation of these phases during diffusion. 

It is widely believed that during the diffusion of two metals an inter- 
metallic phase can be produced only after the basis solid solution has been 
saturated with the diffusing metal. This is emphasized in the paper of 
Prokoshkin on the diffusion of different elements in iron. This author 
points out that reactive diffusion is accompanied by the formation of a solid 
intermetallic compound, and starts after the saturation limit is reached in 
the end solvent layer. This point of view has no theoretical foundation and 
is contradicted by a large number of experimental! data, including our own 
results, which we shall discuss later. According to Prokoshkin and other 
authors who share his ideas, the formation of a new phase (intermetallic 
compound) as a result of diffusion involves only a rearrangement of the 
lattice when the solubility limit is reached in the basis solid solution. This 
approach denies the existence of reactive diffusion, since the process is 
based solely on phase transformations. 

It seems to us that the principle underlying reactive diffusion is that 
contact between two metals may lead to a chemical reaction, irrespective 
of mutual solubility, and the formation of an intermetallic compound 
directly at the interface. 

However, it is impossible to predict the nature of the intermetallic 
compounds formed,** since their structure and composition are clearly 
determined by a number of factors, including the structure of the reacting 
metals, the state of their surface, the temperature of reaction, the 
pressure, presence of impurities, etc. 


* The problem of the existence of molecular solid solutions is beyond the scope of this book, and we shall 
not discuss it here in detail. We should only like to point out that recently research workers believe that 
even if the lattice of the solvent metal contains a combination of atoms resembling molecules, the lattice 
is not penetrated by the whole molecules, but only by atoms. In this connection the work of Mehl and 
Rhines /61/ on the diffusion of silicon and nickel in copper {s interesting. The authors found molecules 
in the lattice of copper, but explained this by the formation of "short-lived" bonds between the atoms of 
Ni and Si in neighboring positions in the lattice of copper, and not by the penetration of whole molecules into 
the lattice. 

We should also like to mention the paper of Moroz /71/, who studied the diffusion of a number of 
carbides in iron, and found that atoms produced as the result of dissociation of compounds, and not whole 
compounds, diffuse into the lattice of the metal. 

** It is also clear that such compounds should correspond to the phase diagram of alloys of the reacting 
metals. 
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If we first assume that a reaction between atoms of two metals starts with 
adsorption, then in analogy with the processes taking place at the metal-gas 
interface we can relate reactive diffusion to activated adsorption or chemi- 
sorption, in which chemical forces of interaction are active. Such 
adsorption, which is not really a chemical process, is the initial stage of 
surface reactions. The possibility of such a reaction was indicated by 
Langmuir and others. As an analogy we can say that chemisorption is a 
necessary preliminary stage in the formation of a new intermetallic 
phase on the boundary between two metals as the result of diffusion. The 
heat of activation of adsorption is of the same order of magnitude as the 
heat of "loosening'' during diffusion, but the heat of physical adsorption is 
appreciably lower. 

Until now we have discussed the formation of new phases as the result 
of diffusion in solid metals. However, the formation of new phases between 
a solid and a liquid metal is also of great theoretical and practical 
importance. Such reactions take place, for example, during hot-dip zinc 
and tin coating, calorizing of iron, lead-coating of iron, tin-coating of 
copper, etc. Although these operations seem to be simple, and include 
only the immersion and holding of the solid high-melting metal (iron, 
copper) in the low melting melt (tin, zinc, lead, aluminum), the production 
of good, well-adhering deposits is quite difficult. 

Due to their complexity, the numerous processes taking place during 
the interaction between solid and liquid metals are rather difficult to 
investigate, and therefore reactive diffusion in them has been little studied. 

The processes occurring during the dissolution of a high-melting solid 
metal ina low-melting liquid metal are more complex than diffusion between 
two solid metals, since such a dissolution involves a direct chemical 
reaction on the interface of the two metals, with the formation of inter- 
mediate layers of alloys corresponding to the phase diagram of a given 
system. In such processes the formation of intermetallic phases may be 
the result of a dissolution process only. 

Let us consider the simplest case, when the high-melting metal dissolves 
in the low-melting one and there is no reaction at the interface. Such 
cases. can be described as follows: 

If a high-melting metal Ais immersed in a low-melting metal B, the 
particles of A pass into the liquid solution. The concentration of A in the 
liquid will increase with time, at a rate determined by the rate of diffusion 
of A in B. 

If the temperature of the liquid metal is not much higher than the melting 
point of B, and the holding time is not too long, then in still baths there will 
be a rather large change in the concentration of the liquid metal ina 
relatively thin layer near the solid metal, and the concentration in this will 
reach saturation in a certain period of time. This will lead to crystalliza- 
tion of a new phase from the melt. The composition and structure of this 
phase will correspond to the equilibrium conditions at a given temperature, 
and consequently to the phase diagram of metals Aand &. If metals Aand B 
do not form intermetallic phases, and their phase diagram is similar to 
that shown in Figure 21, the saturation of the liquid alloy by metal 8B will 
correspond to point C on the diagram (at a concentration equal tok % of A). 
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%A—— /o B 
FIGURE 21. Phase diagram FIGURE 22, Phase diagram of 
of a system with no inter- a system with intermetallic 
metallic compounds, compounds. 


If a constant temperature t° is maintained, the dissolution will stop, and 
crystals of metal A will be precipitated from the liquid alloy. Some of these 
will remain in the melt and some will crystallize on the surface of the 
solid metal. 

After a sample of metal A is removed from the melt, the adhering liquid 
layer will solidify to form an alloy with a structure corresponding to 
point C on the phase diagram, and consisting of an (A+B) eutectic plus an 
excess of crystals of metal A. Sucha structure was obtained by Oknov /69/. 

If the two reacting metals are able to form intermetallic compounds, 
i,e., if their phase diagram is similar to that shown in Figure 22, * 
then the dissolution of the high-melting metal A in the liquid metal B will 
produce crystals of the intermetallic compound A,B, when the maximum 
concentration of the liquid is reached (at temperature &). Some of these 
crystals will also be present in the liquid alloy and will crystallize on the 
surface of the solid metal A. In this case the structure of the surface layer 
should correspond to that of an alloy represented by C(k% of A), and will con- 
sist of crystals of the intermetallic phase A,B, and a eutectic (A,,8,-+ B). 
The crystals of A,,8, which nucleate on the surface of the high-melting 
metal will probably grow perpendicular to that surface in the direction of 
the low-melting metal. 

Similar structures have been obtained during a study of the reaction 
of iron with liquid zinc, which we shall discuss later. 

The above case of the formation of an intermetallic phase during the 
dissolution of a high-melting metal in a low-melting one is of course not 
the only one. However, the low-melting metal does not always form a 
eutectic, but often a saturated solid solution or other phases, and the 
structure of the surface layers varies accordingly. This structure should 
describe the condition of equilibrium at the boundary between the liquid and 
solid metals, that is corresponding to the phase diagram of alloys of a 
given system. 

We very often have systems of two metals which form several inter- 
metallic phases. The interaction between such metals will produce several 
intermediate layers. ; | - 

If we assume that equilibrium conditions exist, and that the process of 
dissolution is the one which determines the structure of the diffusion layer, 
we conclude that the first phase formed in this process is the one that can 


* In the simplest case when only one intermetallic compound is formed. 


69 


exist at a given temperature in equilibrium with a liquid solution. Such a 
phase should have the lowest melting point of all the phases that can be 
formed in a given system and under given conditions. 

The formation of other phases of this system should be considered to 
be the result of interaction between the initially formed low-melting phase 
and the basis (solid) metal. 

Thus, we can consider the interaction between a solid and a liquid metal 
on the basis of dissolution only. This interaction can lead to the formation 
of intermetallic phases, but as a result of the saturation of the liquid layer 
adjacent to the solid by the high-melting metal. This indicates that these 
phases are diffusional in nature and not reactive. Such a process is very 
similar to the formation of new phases by the decomposition of solid 
solutions formed when one solid metal diffuses into another (for example, 
cementation of iron), which we discussed at the beginning of this chapter. 

We should now determine whether the above mechanism of formation 
of intermetallic phases during the reaction between liquid and solid metals 
is the only possible, or whether there are other similar processes, such 
as direct chemical reaction at the interfaces of two metals. 

These questions can be answered by studying the nature of the phases 
produced at the interfaces of liquid and solid metals and the sequence of 
their formation. If this study shows thatat the beginning of the reaction a 
phase can be formed which is not in a state of equilibrium with the liquid 
at a given temperature (that is a phase which does not have the lowest 
melting point of all intermetallic phases of a given system), this would 
prove the existence of a purely reactive process, not directly connected 
with the process of dissolution. The process of dissolution in such a case 
would change, since the formation of an intermetallic layer would greatly 
hinder the access of liquid metal to the high-melting solid from the start 
of the process, and this would appreciably decrease the rate of dissolution. 
Thus, another possible method for determining the nature of the interaction 
between liquid and solid metals is a study of the kinetics of the processes. 

The above theory on the nature of the diffusion layer produced by 
processes occurring during such diffusion is true also when both metals are 
in the solid state. Therefore, we believe that the question of the nature of 
the phases produced by reactive diffusion, and the sequence of their 
formation, is fundamental. 


§2. The nature of the phases formed as the result 
of reactive diffusion 


There are many data on the intermediate intermetallic phases produced 
by an interdiffusion of metals. The interactions between two solid metals 
has been studied best. This problem is also considered in most of the 
papers mentioned above. 

There are fewer published data on the problem of the interaction 
between solid high-melting metals and liquid low-melting metals. The 
principal ones in this field are those of Tamman and Rocha/72/ and Oknov. 
There are also a number of studies on the more specific problems of the 
hot-dip coating of metals (for example, zinc coating), which we shall 
discuss later. 
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In these studies microstructural analysis was the chief method for 
studying the physicochemical nature of the phases produced by diffusion. 
In many cases this method alone is insufficient, and therefore there were 
contradictions between the results of different authors. For example, 
Tamman and Rocha studied the interdiffusion of copper and zinc, and found 
€-, y-, and B- phases, while Mazing, who studied the diffusion of these 
metals, found no €- and y- phases. There is no certainty about other 
metals either. Therefore, the purpose of this research was to determine 
as accurately as possible the nature of the diffusion phases by different 
methods. 

One of the few existing systematic studies on diffusion in a large number 
of binary systems is that of Oknov /69/. 

This author believes that the immersion of a high-melting metal into a 
liquid low-melting metal is followed by the formation of a phase which is 
rich in the low-melting substance, and therefore exists in a state of 
equilibrium with the liquid. 


I. Interdiffusion in Cu —- Zn and 
Fe — Zn systems 


a. Materials studied and experimental methods. To study the nature 
of the phases formed as a result of the interdiffusion of metals we chose 
the Cu— Zn and Fe— Zn systems, since both produce characteristic 
intermetallic phases with structures governed by the Hume-Rothery laws, 
or in Other words, with a certain electron concentration. 


FIGURE 23, Cu-—Zn phase diagram, 


Figure 23 shows the phase diagram of Cu— Zn alloys according to Bauer 
and Hansen. It can be seen that the system contains the following phases: 

@ — a solid solution of zinc in copper with a copper lattice; 

n — a solid solution of copper in zinc with a zinc lattice; 
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B —a phase with a composition close to that of the Cu— Zn intermetallic 
compound with a centered cubic lattice, which exists in the range from 
40 to 47 wt% Zn; 

+ — a phase with a composition corresponding to the CusZng compound* 
with a face-centered cubic lattice containing 52 atoms in the unit cell. It 
exists in the range from 59 to 67 wt % Zn. 

€ — a phase with a composition close to that of the CuZn3 compound with 
a close-packed hexagonal lattice, which exists in the range from 78 to 
86 wt% Zn. 

The B -, y- and €-compounds are typical Hume-Rothery phases, and 
have the same electron-to-atom ratio. This ratio is 3 /y for the Bf -phase, 
oh for the y-phase, and "Ia for the €-phase. 

These phases can exist at any temperature below the melting point, but 
the phase diagram predicts a 6-phase in the Cu— Zn system which exists 
at temperatures from 555 to 700°C. Below 555°C the 6-phase decomposes 
into a eutectoid mixture (y+ €). 

The Fe— Zn system contains two intermetallic compounds, corresponding 
approximately to FesZn2g; and FeZn7. The first has a ratio of valence 
electrons to atoms of oP ag, and the second a ratio of are 

The interdiffusion of copper and zinc and of iron and zinc has been 
studied in solid and liquid zinc. 

The starting materials were electrolytic copper 99.9% pure, com- 
mercially pure zinc distilled several times in vacuo, and electrolytic 
iron containing 0.04% of carbon 

To study the layers formed during the interdiffusion of copper and liquid 
zinc, the copper specimens (4mm in diameter and 25mm high) were 
immersed in molten zinc and held for different periods of time and at 
different temperatures. To prevent oxidation of the liquid bath, a mixture 
of BaCle and CaCle was periodically added. To test this addition, we 
carried out several control experiments in vacuo, and the results were 
the same as those obtained in the ordinary way. 

To study diffusion between two solid metals, the zinc specimens 
(4mm in diameter) were electrolytically coated with copper, sealed into 
evacuated glass ampules, and held at different temperatures for different 
periods of time. 

The same general method was used to study the interdiffusion of iron 
and zinc but for diffusion in solids the iron specimens were coated with 
zinc and heated to different temperatures below the melting point of zinc. 
Microstructural analysis showed that the coating of the iron specimens did 
not lead to any appreciable diffusion (absence of diffusion layer). 

In all experiments the temperature was measured by an Ni— NiCr 
thermocouple, and during prolonged experiments the temperature was 
maintained constant within 0.1°C by a temperature regulator of the 
Kovalski-Strelkov system. 

The structure and composition of the diffusion layers were determined 
by microstructural, X-ray, and chemical analyses, and also by measuring 
the hardness of the specimens (the chemical analysis and the hardness 
ar aaa were carried out in studies on the diffusion of copper in 
zinc). 


* Sometimes this compound is given as CugZng, but from the structural point of view, Cu; Zng is more 
correct. 
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b. Microstructural study of the nature of Cu— Zn diffusion layers. 

As etchants for these studies we used a 1% aqueous solution of ammonium 
persulfate and a 6% solution of ferric chloride in 10% HCl. 

Very short-time heating of copper in liquid zinc and relatively short- 
time heating of solid copper in contact with solid zinc gave only one bright 
layer at the interface. 

If the temperature is increased this layer grows, and another gray one 
appears near the zinc. After prolonged heating at elevated temperatures 
a third yellow layer appears near the copper. Plate 2 in the Appendix 
shows all three diffusion layers produced by heating copper and zinc for 
7 hours at 430°C. 

It is clear that a microstructural analysis alone cannot completely 
answer the questions on the phase and chemical compositions of diffusion 
layers, but some assumptions can be made. Not one of the three layers 
contains a- and n-phases, since these layers are formed by atomic 
diffusion of zinc in the lattice of copper and of copper in the lattice of zinc. 
This assumption was confirmed by Banister and Jones /73/ and by Jones 
/66/, who found that the diffusion of two metals produces a layer separated 
from these metals by a boundary only when the physicochemical nature of 
this layer is very different from that of the starting metals. 

If we exclude a- and n-phases, we can assume from the phase diagram 
that the three layers formed by diffusion are B-,y- and €-phases. Itis 
certain that the yellow layer next to the copper consists of a B-phase. It 
can be assumed that the bright middle layer consists of a y-phase, and the 
gray layer near the zinc (or, more accurately, near the n-solid solution 
of copper in the lattice or zinc), but separated from it by a well-marked 
boundary, consists of an e-phase. This preliminary determination of the 
phase composition of diffusion layers shows that the bright layers produced 
at the beginning of diffusion before the other layers are formed consist 
of a y-phase. 

To study the interdiffusion of iron and zinc we used a 4% solution of 
nitric acid in alcohol as an etchant. 

The microstructure showed that under all experimental conditions the 
following two layers are formed: 1) a light layer (sometimes acicular) 
near the iron, and 2) a light yellow layer with elongated digital grains 
near the zinc (see Appendix, Plate3). The Fe—Zn phase diagram indicates 
that the layer adjacent to the iron is a y-phase (FesZng; intermetallic 
compound) and the layer adjacent to the zinc is an e-phase (FeZn7 
intermetallic compound). 

c. Study of the hardness of diffusion layers. The measurement of 
hardness for determining the nature of diffusion layers has been used for 
studying the interdiffusion of copper and zinc only. For the Fe— Zn system 
this method has not been used, since the preparation of master iron— zinc 
alloys with an exact composition is difficult because of the intense evapora- 
tion of zinc at elevated temperatures. Also, the determination of the 
nature of the diffusion phases is not difficult in these systems. 

To find the phase composition by measuring the hardness of diffusion 
layers in Cu—Zn systems, a series of master alloys was prepared 
corresponding to certain phases of this system. A chemical analysis of 
the alloys gave the following zinc content: 65.7% (y-phase), 83% (€-phase), 
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and 99.2% (n-phase). For hardness measurements we took three specimens 
of each of the above alloys. The Martens hardness test was used, in which 
the surface is scratched by a conical steel point loaded with 100g, and 

the width of the scratch is measured by a microscope. The results are 
given in Table 37. 


TABLE 37. Hardness of different phases of the Cu—Zn system 


Mean width 


widuiot of scratch, 


scratch, 


OMAN Ph WD DH 


The hardness of the master alloys and of the diffusion layers is measured 
by the same method and under the same conditions. The results are given 
in Table 38. 


TABLE 38, Hardness of diffusion T. 


Width | iat of sertchy | iat of sertchy mn Width | width of serateh, scratch, | width of serateh, Width of scratch. p 
No. of No. ao No. of 
layer | layer | layer cy layer layer layer | layer layer 


1 13 = 
2 03 14 29 45 
3 52 15 27 46 
4 55 : 16 29 48 
5 ay) 17 28 - 
6 54 = = = 
7 53 = = i 
Diffusion in the liquid state Diffusion in the solid state 


A comparison between Tables 37 and 38 shows that the width of the 
scratch on the light diffusion layer is closest to that on the master alloy 
containing 65.7% Zn (y-phase). The width of the scratch on the gray layer 
next to the zinc (n-solid solution) is the same as that on the alloy with 
83% Zn (e-phase). 

Thus, hardness measurements confirm that the compositions of the 
diffusion layers are the same as those assumed from the results of 
microstructural analysis. 
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d. Chemical analysis of diffusion layers. To determine the chemical 
composition of the phases formed as a result of the interdiffusion of copper 
and zinc, a copper specimen was held in liquid zinc at 600°C for a long 
time. Asa result (see microstructure, plate 2) all three layers were 
formed. The bright one in the middle was the most extended. 

The specimen was taken from the bath and a 0.1— 0.2mm layer removed 
by a lathe. The turnings were analyzed. Table 39 and Figure 24 show the 
percent of zinc as a function of the mean thickness of the sample.” 


' ( 
Region of y-phase 


Concentration of Zn, wt % 
3s 


25 3.5 45 5.5 
Diameter 


FIGURE 24. Variation in the 
composition of copper-zinc 
diffusion layers. 


TABLE 39, Chemical composition of diffusion layers formed by the 
interaction of Cu and Zn at 600°C 


No. of Mean thickness Content of 
turnings of specimen Zn, % 


The above data indicate that the composition of the diffusion layers 
corresponds to that of the y-phase to an appreciable depth, and therefore 
the thickest bright middle layer found by microstructural analysis is also 
part of this phase. 

e. Identification of phases by X-ray analysis. Westgren /74/ widely 
studied the Cu— Zn system by X-ray analysis, and found that the B-phase 


* By the mean thickness we understand the mean arithmetic thickness of the sample before and after 
removal of the upper layer. 
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has a centered cubic lattice with a parameter 2.95A, the y-phase has a 
complex cubic lattice with 52 atoms in the unit cell, and a parameter 
varying from 8.85 to 8.89A, depending on the composition, and the € -phase 


has a close-packed hexagonal lattice with <= 13:5: 


The Japanese chemists Osawa and Ogawa /75/ carried out similar studies 
on the Fe— Zn system, and found two chemical compounds: Fe3Znjo 
(accurately, FesZng1), and FeZn;. The Fe,Zn,, compound (y-phase ) has the 
same lattice as the y-phase of the Cu Zn system, and its parameter varies 
from 8.89 to 8.93A. The FeZn7 compound (e-phase) has a close-packed 


hexagonal lattice with <= 1.607. 


To study the X-ray structure of diffusion layers, turnings were removed 
from the specimens by a lathe, and pressed into 1mm high bars, that were 
then analyzed by the Debye method. : 

The target was made of iron with a wavelength of Ak,=1.932A and 
kRe=1.753A. 

The X-ray camera for analyzing Fe— Zn alloys had a diameter of 
57.3mm, and the camera for Cu— Zn specimens a diameter of 55.4mm. 
The lines of the X-ray photographs were indexed by comparing the 
reflection angles calculated from these lines with those obtained by 
Westgren, and Osawa and Ogawa in the papers we discussed above. The 
indexing was also partially based on the atomic factor. 

The Bragg formula was used in the calculations 


Ve+reee ; 
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To calculate the lattice parameter, the Kurdymov correction for 
absorption was introduced. 

The deciphering of theX-ray photographs showed that diffusion in 
Cu—Zn systems at elevated temperatures and for prolonged periods yields 
B-, }-, andte-phases. The layers close to zinc (the first turnings) contain 
mainly the e-phase. Closer to the copper the intensity of the e-lines 
decreases, and lines of the y and B-phases appear. 

An X-ray analysis of the diffusion layers formed in the Fe— Zn system 
indicated the presence of y- and e-phases (FesZno1 and FeZn7 intermetallic 
compounds). 

f. Discussion of the results obtained during diffusion in Cu— Zn and 
Fe—Zn systems. A comparison of the results of microstructural, chemical 
and X-ray analyses of diffusion layers, and the results of hardness 
measurements, indicated the following: 

1. Prolonged diffusion in the Cu— Zn system leads to the formation of 
distinctly separated layers. The layer closest to zinc turns gray when 
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etched in a 1% solution of ammonium persulphate, and contains an € -phase. 
The light, bright layer next to it consists of a y-phase, and the yellow 
layer next to the copper, a B -phase. 

The first phase formed by diffusion in the solid state is the y-phase, 
which is also the only one at low temperatures of diffusion. It is also 
possible that the y-phase is the first formed during diffusion in liquid zinc. 

Finally, it is certain that the B-phase is formed after the y- and 
€ -phases. 

2. Diffusion in Fe— Zn leads to the formation of distinctly separated 
layers. The layer closest to zinc is an FeZn7 compound (€-phase ), and 
the layer closest to iron is an FesZng; compound (y-phase). 

The most important results were obtained by studying the interdiffusion 
of copper and zinc in the solid state and when the low-melting metal was 
liquid. 

As we have already mentioned, the first phase formed by diffusion in 
liquids (at 150— 450°) is always the y -phase, which does not border directly 
on copper, on zinc, or on their solid solutions. 

Thus, it is possible that the interaction between two solid metals leads 
to the formation of intermetallic phases which do not conform to the maximum 
solubility in the lattice of the diffusing metals. This contradicts the theory 
of Prokoshkin and others, who consider that new phases are formed during 
diffusion only as the result of saturation of the basis (limiting) solid 
solutions. 

These intermediate phases may be formed by a direct chemical reaction 
on the interface of the diffusing metals. ‘The formation of such phases is a 
characteristic example of reactive diffusion. 

A y-phase is also formed during the reaction between copper and liquid 
zinc. This is indicated by the formation of a y -layer only on the interface 
during the first moments of the reaction, but an e-phase alone has never 
been found. Here too, an intermediate phase is first formed, which is not 
the phase in a given system with the lowest melting point, or in other words 
it is not ina state of equilibrium with the liquid alloys. ‘This indicates that 
a reactive process can take place during the reaction between a high- 
melting metal and a liquid low-melting metal. 

The order of formation of phases during the interdiffusion of iron and 
zinc could not be determined. Both phases appear together in the structure 
of the diffusion layer. Therefore, we shall discuss the interaction between 
these two metals in a separate chapter. 

Since we found that the conditions of equilibrium have no great influence 
on the nature of the reactive phases formed at the beginning of diffusion, 
we should expect that a certain influence is exerted by the energy conditions, 
such as the heat of formation. To check this assumption it was necessary 
to obtain new experimental data on other metal systems. We chose the 
Ag—Zn, Ag—Cd, and Cu--Cd systems, since they contain intermetallic 
phases of similar structures (Hume -Rothery phases), and this facilitates 
comparison between the results of the study and generalization. 


II. Interdiffusion in Ag~—Zn, Ag—Cd and Cu-Cd systems 


a. Materials studied and experimental methods. An X-ray analysis* 
showed that in Ag— Zn, Ag—Cd, and Cu—Cd systems the following 


* A summary of the results of X-ray analyses of these systems carried out by different authors is given in the 
1931 issue of the Strukturberichte. 
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compounds* can be formed: 
Ag-— Zn 


a— solid solution of zinc in silver containing 0— 38at. % Zn; 

B — solution (above 264°C) which corresponds to an AgZn compound with 
a face -centered cubic lattice (¢= 3.16 A) containing 50- 54at.% Zn; 

y — solution corresponding to an AgsZng compound with a cubic lattice 
containing 52 atoms per unit cell (a= 9.327A ); this solution contains 
59—63at.% Zn: 

€ — solution corresponding to an AgZn3 compound containing 2 
69—85at.% Zn; it has an hexagonal close-packed lattice (a= 2.82A ye 
c= 4.46A): : | 

n — solid solution of zinc in silver with a zinc lattice. 


Ag—Cd 


@-— solid solution of cadmium in silver with a silver lattice; contains 
0O—44 at. % Cd; 

8 — solution (above 426°C) corresponding to the AgCd compound; con- 
tains 49— 5l at. %Cd; 

vy — solution close to the AgeCd3 compound. It has a lattice analogous 
to that of the y-phase of the Ag— Zn and Cu— Zn alloys; contains 
54—65 at. % Cd; 

€ — solution corresponding to the AgCd3 compound, with a close-packed 
hexagonal lattice; contains 67— 83 at.% Cd (according to other sources 
67—90 at. % Cd); 

nm — solution of silver in a cadmium lattice. 


Cu — Cd 


The Cu— Cd system has not yet been fully studied. The cadmium-rich 
side has two phases: 

y -> phase corresponding to the CusCdg compound; contains 
70— 77 wt. % Cd; 

€ — phase corresponding to the CuCd3 compound; contains 84— 86 wt. % Cd. 

As starting materials we used electrolytic Cu (99.9% pure), 'Kalbaum'"' 
Cd, vacuum distilled commercially pure Zn, and 99.5% pure Ag. The 
diffusion of Ag in Zn and in Cd, and of Cu in Cd was studied for both solid 
and liquid low-melting components. 

The carefully cleaned and etched high-melting specimens (Ag— Cu) were 
immersed in the molten metal (Zn, Cd) and held for a certain time ata 
given temperature. To avoid oxidation, the melt was covered by a mixture 
of BaClz and CaCle, and sometimes by ground charcoal powder. 

To study diffusion in solid metals, the zinc and cadmium specimens 
were electrolytically coated by silver and copper, and heated for different 
periods of time at a given temperature. 


* The designations of the individual phases (a, 8, y, €, andy) we adopted is normally used in X-ray studies 
(according to Hume-Rothery, Westgren, and others). These designations are often different from those 
given in the corresponding phase diagrams. The data of X-ray analysis may also differ from the known 
phase diagram obtained by other methods. This is true for the Ag— Zn and Ag—Cd systems, as the phase 
diagrams indicate the existence of 6-phases which have not been found by X-ray studies. 
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The nature of the layers formed during diffusion and the kinetics of 
their growth were studied by microstructural and X-ray analyses, which 
we have already discussed. 

b. Studies of the microstructure of diffusion layers. After the specimens 
had been heated, samples were prepared for microstructural studies. 

The surfaces of the samples were etched in a 4% solution of nitric acid in 
ethyl alcohol. 

The diffusion layers were usually visible without etching and etching 
only revealed the phase boundaries more clearly. 

Diffusion in the Cu— Cd system below 400°C at first produced only one 
layer between the copper and cadmium, which continued to grow with time. 
When the heating was prolonged, another narrow, bright layer appeared, 
with sharply defined boundaries. By heating above 400°C, only one layer 
of this same structure was produced, irrespective of the duration of 
heating (see Plate 4 in the Appendix). 

The location, etchability and nature of the diffusion layers indicate that 
the first layer bordering on cadmium is an €-phase (CuCds), and the second 
layer formed later, which borders on copper, is a y-phase (CusCdg). 

When Ag— Zn systems were heated at 450°C for 40sec, three layers 
were formed which could be seen under a microscope. 

Since X-ray analysis showed that the Ag— Zn system can contain only 
three intermetallic phases, the order of their location indicates the nature 
of each. The layer closest to zinc is an €-phase, and those farther away 
are a y- and f-phase, respectively. The middle layer is the narrowest 
one. 

When diffusion in solids occurred at 400°C after two hours three layers 
were formed, which were, however, thicker.. When Ag—Cd systems 
were heated, only two layers were formed, irrespective of temperature 
and time of heating. Since this system can give two intermetallic com- 
pounds microstructural analysis alone is not sufficient for us to draw 
conclusions on the nature of the diffusion layers formed. 

The results of the microstructural analysis were only approximate, 
and were later checked by X-ray studies. 

c. X-ray studies of diffusion layers. The X-ray study of diffusion layers 
can be facilitated by using published data on the structure of intermetallic 
phases. 

Natta and Freri /76/ widely studied the Ag—Cd system, and found that 
the B-phase has a centered cubic lattice with a parameter of 3.22 A. The 
y-phase has a cubic lattice with 52 atoms per unit cell, anda 9.99 A lattice 
parameter, and the e-phase has a close-packed hexagonal lattice with 


c 
a 1.58. 


Westgren /74/ studied the Ag— Zn system, and found B-, y- and € -phases 
with structures similar to those of the corresponding phases in the Cu— Zn 
and Ag~— Cd systems. Data on the Ag — Zn system are given on page 78. 
The existence of a y-phase with a 9.59A lattice parameter in the Cu-— Cd 
system had already been noted, and the existence of an e€-phase was con- 
firmed in this research by X-ray structural analysis. Like the €-phases 


of other systems it has a close-packed hexagonal lattice with <= 1.58 


and a=2.97A. To study diffusion in Cu— Cd and Ag—Zn systems an iron 
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target was used with the following wavelengths: Ak,= 1.93A and ARg= L.75A. 
For diffusion in Ag— Cd systems, the target was used with the wavelengths: 
hk, = 1.79A and kg = 1.53A. The structures of the layers were determined 
by comparing the values of sin?$/2 obtained in this study with similar 
values from studies of the B-, y- and e-phases in Ag— Zn, Ag-—Cd, and 
Cu— Cd alloys. 

The lattice parameters were calculated from the Bragg formula with the 
Kurdymov correction for absorption. 

From the results the following conclusions can be drawn: 

1. Diffusion in Cu—Cd systems leads to the formation of &- and 
y-phases. As expected from the data of structural analyses, the layer 
bordering on cadmium is formed at the beginning of the diffusion and is an 
&€-phase, and the layer bordering on copper is a y-phase. 

2. Diffusion in Ag— Zn systems produces three phases Bf, y, and e&, 
irrespective of whether the zinc is liquid or solid. The order of formation 
of these phases can be determined by microstructural analysis, and it has 
already been discussed. 

3. The data of X-ray and microstructural analyses indicate that 
diffusion in Ag— Cd systems produces two phases. The data of the X-ray 
analysis indicate that these are B- and y-phases, and therefore the low- 
melting e-phase is not formed in this system. 


§3. Conclusions 


The results of studies on diffusion in Cu— Zn, Ag—Zn, Fe—Zn, Ag—Cd, 
and Cu— Cd systems indicate that phases of different compositions and 
structures can be formed. 

If the phase first formed is not in a state of equilibrium with the liquid 
alloy (that is, it is not the phase with the lowest melting point in a given 
system), as in the case of Cu— Zn and Ag— Cd systems, the mechanism 
of formation is purely reactive in nature. However, no conclusions can 
be drawn on the mechanism of formation of low-melting phases (€-phase) 
at the beginning of diffusion. If a solid metal reacts with a liquid, a low- 
melting phase can be formed as the result of the dissolution of the high- 
melting metal in the low-melting, or of a direct chemical reaction at the 
metal interface. 

Certain conclusions can be drawn from a study of the microstructure 
of diffusion layers. It is seen that even if the low-melting phase is formed 
before, or simultaneously with, other phases, its structure, especially at 
the boundary with a low-melting metal, can be different from that of other 
phases. The reactions of iron with zinc (Plate 3) or of iron with copper 
(Plate 4) produces €-phase-layers of a non-uniform width (FeZn, and 
CuCd3). Some crystals of this phase deeply penetrate the low-melting metal, 
and often become detached from the layer and engrained in the bulk of the 
low-melting metal. Sometimes (particularly in the case of Fe— Zn diffusion ) 
the orientation of these crystals resembles that in the columnar structure 
formed in the solidification of ingots. This structure of &-phases shows 
that they were formed by normal crystallization from the melt (Zn and Cd) 
saturated at a given temperature with the higher-melting metal (Fe and Cu).* 


* As we have already described schematically. 
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Consequently, the low-melting phase was formed during dissolution. It 
might also have been formed while the specimen was still in the melt, 

and have crystallized mainly at the surface of the solid metal. Since some 
parts of this layer may break away and pass into the melt, after solidifica- 
tion they can be found in the bulk of the low-melting metal. 

such low-melting structures are not always formed as a result of 
diffusion. For example, in the Ag—Zn system, the €-phase found in the 
diffusion layer soon after the start of diffusion has the same microstructure, 
uniform width, and sharp boundaries, as the phases obtained by reactive 
processes, for example, the y-phase in the Cu-— Zn system. It can there- 
fore be assumed that the €-phase in the Ag— Zn system was also formed by 
a direct reaction at the surface. 

We should like to point out that the possible formation of "reactive" 
phases was confirmed by studies on the diffusion in Ag—Cd systems. It 
was found that the low-melting € -phases (AgCd3) did not appear evenafter 
prolonged heating at elevated temperatures, although high-melting y- and 
B-phases were formed. The reason for this is that one of these phases 
was formed during the first moments of reaction, before the melts became 
saturated with silver. The continuous layer on the liquid-solid interface 
greatly hampered further dissolution of the high-melting metal, and there- 
for the €-phase could not be formed. 

Since it has been found that intermetallic phases can be formed by a 
reaction, we must find the factor determining the physicochemical nature 
of these phases. As we have already mentioned (page 77), we assumed 
that the heat of formation of the phases is very important, at least in some 
cases. 

From recent data on the heat of formation of different intermetallic 
phases, the probability of our assumption can be confirmed to a certain 
extent. From different published data the following table on the heat of 
formation was compiled (q¢ calories/g-atom): 


1. System Cu— Zn 


B-phase-(GuZ in) gsce cers aioe bos 6 or =e g= 2.5 
y-phase (CugZng) .. 2. ee vere rev ecrees q = 3.2 
€-phase (CuZng) 2... rere r cere erae g=1.9 


2. System Ag— Zn 


B-phase (AgZn) ... see ecerrecvvees g=1.6 
y-phase (AggZns). 1. eee ee eet e eee q=1.9 
€-phase (AgZfs) .. 0. secre ec ecrnes q= 1.2 


3, System Ag—Cd 


B-phase (AgCd) .. 2... ee cece vec eces q = 1,31 
y-phase (AgoCds) ooeeveevvrvrerneve ne ooo GF = 1,42 
€-phase (AgCds) ..-e-eeerecvees 006 9 = 1,23 


"4, System Cu—Cd 


y-phase (CugCds)... 02+ +e cece ceves q= 0.6 
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A comparison of these data with the earlier results of studies on reactive 
diffusion shows that the heat of formation of phases greatly influences the 
sequence of their formation during reactive diffusion. 

Thus, in the system the first phase formed is always the y-phase 
(CusZng), which has the highest heat of formation in this system, even 
greater than the heat of formation of the €-phase (CuZn3) which according 
to the conditions of equilibrium should be formed during the first stage of the 
process. In the Ag—Cd system, the e€-phase, with the lowest heat of 
formation, is not formed at all. For the Cu-—Cd system we have data on 
the heat of formation of the y-phase only, and therefore we cannot draw any 
conclusions on the influence of the heat of formation on the production of a 
certain phase during the first stage of reactive diffusion in this system. 
However, the very low heat of formation of the y-phase in the Cu- Cd 
system indicates that the heat of formation of the €-phase will not be lower 
than that of the y-phase, which may explain why the e€-phase is the first 
to form in this system. 

The above conclusion on the role of the heat of formation is somewhat 
contradicted by the data on diffusion in Ag— Zn systems, in which all three 
phases are formed simultaneously, although the heat of formation of the 
y -phase (AgeZn3) is somewhat higher than that of other phases. Therefore, 
it can be assumed that the heat of formation, which certainly influences 
reactive diffusion, is not the only factor determining the nature of the phase 
formed at the beginning of diffusion. 

The data indicate that the influence of the heat of formation is 
appreciable if this heat has a high absolute value and greatly exceeds the 
heats of formation of other phases in the same system. If, however, the 
heat of formation has a low absolute value (as in the Cu— Cd system), 
or it differs little from the heat of formation of other phases in the system 
(as in the Ag— Zn system), its influence on reactive diffusion is small. 

Thus, the heat of formation should be regarded as only one of the 
factors influencing the reactive formation of phases. 

On the other hand, the physicochemical nature and the structure of the 
"reactive'' phase probably depend on external conditions of the process 
also, especially the temperature. It also seems probably that reactive 
diffusion and the nature of the phases produced are influenced by the state 
and structure of the surface of the high-melting metal on which new phases 
are formed. 

It is not very possible to give any general indication of the nature of the 
phases formed by reactive diffusion at the metal interfaces since this is 
influenced by numerous factors. We can only maintain that we are fairly 
certain that the heat of formation of phases has a great, and sometimes 
decisive, influence. The influence of temperature, the state and structure 
of the surface, impurities, etc. should be fully considered in each 
particular case. 
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Chapter II 


LAWS GOVERNING THE GROWTH OF 
DIFFUSION LAYERS DURING REACTIVE 
DIF FUSION 


To study the reactive diffusion of metals, not only the physicochemical 
nature, composition and structure of the phases formed must be determined, 
but also the rates of growth of these phases. It is interesting to compare 
the growth rates and the parameters which determine them with those for 
atomic diffusion of one metal in the lattice of another. 

There are a few published data indicating that the diffusion in inter- 
metallic phases is faster than in pure metals, However, there are no 
systematic studies on this subject. 

The growth rate of intermetallic phases during the diffusion of different 
metals is of great practical importance. The intermediate layers formed 
in protective metal coatings (zinc, tin, calorizing, nitriding, etc. ) usually 
consist of one or more intermetallic phases, and the properties of these 
phases (mainly mechanical) are highly influenced by their structure and 
thickness. 

The laws governing the rate of atomic diffusion (during the formation of 
slightly concentrated solutions in the lattice of the solvent metal) cannot be 
directly applied here. But sometimes under certain limiting conditions 
this law holds. 

Such cases have been discussed by Tamman and Rocha /72/, who 
described a method for determining diffusion coefficients. If diffusion 
produces one or several intermetallic compounds in the form of separate 
layers, the layers start to grow at different rates. The diffisuion coefficient 
for each layer can be found if there is a linear drop in concentration in 
each layer. The difference between the concentrations on the (opposite) 
interfaces must remain constant at a given temperature: AC =constant. 

Under these conditions we can write the formula: 


dn=—Dg “= dt, (1) 


where dn is the amount of substance diffusing in d¢# through a section 7; 


= is the concentration drop along a layer of thickness y; and D is the 


diffusion coefficient. 

On the other hand, if the concentration at the layer boundary is constant, 
we can assume that the thickness increase is proportional to the amount of 
diffused substance, i.e., 


dn = ag dy, (2) 
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where dy is the increase in the thickness of the layer; and a is a propor- 
tionality factor with the dimensions of the concentration of the substance. 
If we compare the right-hand sides of formulas (1) and (2), we obtain: 


DC dt-=ady or D—“dt=ydy, 


hence 


We assume that D aC = p= const, Since at this temperature D=const, 


AC = const and a=const, and finally obtain 
y* = 2pl, (3) 


which means that ata given temperature the growth of the layer is governed 
by a parabolic law. 

The parameter 2p of the parabola characterizes the growth rate of the 
layer. It is proportional to the diffusion coefficient and is expressed in 
the same dimensions. 

A similar dependence was obtained by Frenkel' and Sergeev /77/, who 
studied this problem more widely statistically. 

An experimental study of a number of systems by Tamman and Rocha, 
and Weiss /68/ showed that the parabolic law of the growth of phases holds 
in many cases. 

The study of the dissolution of high-melting metals in low-melting is 
also complicated because the growth of the layer is accompanied by its 
dissolution in the liquid metal. Thus, the concentration on the boundary of 
the growing layer changes, which leads to deviations from the parabolic 
law. This exerts a certain influence, although a small one, if the layer 
being studied is not in direct contact with the liquid metal. The parabolic 
law is true only if the liquid metal is saturated with the dissolved substance, 
or if the solubility of the high-melting metal in the low-melting one is low 
(for example, as the result of great difference in the melting points). 

Measurement of the temperature dependence of the diffusion coefficient 
for processes in which intermetallic compounds are formed is the simplest 
and most accurate method for studying the kinetics of reactive diffusion. 

The temperature dependence of the growth of diffusion layers has until 
now been calculated mainly from the formulas: x=87™ or x=BST™—1, 
where x is the thickness of the layer; T is the temperature and B and 
m are coefficients. 

Although these formulas often satisfy the results of experiments, they 
are purely empirical, and are not related to the fundamental constants which 
determine the mobility of atoms, including the heat of activation Q. On the 
other hand, the value of p in formula (3) which determines the growth of the 
diffusion layer is proportional to the diffusion coefficient, and therefore 
for each of the phases formed we can expect an exponential dependence of 
this parameter on temperature, as in the case of ordinary atomic diffusion. 
Since the differences in concentration within the same layer are small, the 
value of 2p can be regarded as constant, and dependent on temperature only. 


84 


Thus, we must determine how much the temperature dependence of the 
growth of the layer is described by equation: 


2p=-D = Ae~e/RT ; 


and how great is the heat of activation (loosening) for different metal 
systems. 

Bugakov and Gluskin /70/ studied the kinetics of the growth of diffusion 
layers in the same systems previously used to study the nature of the 
diffusion phases (Cu— Zn, Fe—Zn, Ag—Zn, Ag—Cd, and Cu—Cd). 

The methods were fundamentally the same as described above. In some 
cases (including diffusion in Cu— Zn systems) the liquid metal was saturated 
with the high-melting metal to avoid the influence of dissolution at the be- 
ginning of the experiment. The constancy of the thickness of the layers at 
a given temperature and holding time was checked by repeating the experi- 
ment under the same conditions. Usually, the thicknesses measured under 
a microscope at a magnification of 105 were found to be the same. 

a) Kinetics of the growth of layers during diffusion in Cu— Zn and Fe— Zn 
systems. During research on interdiffusion in Cu— Zn and Fe—Zn systems, 
we studied mainly the growth of the y-layer, since this phase produced the 
most distinctive interface, and was formed at all temperatures over the 
range investigated. This phase conforms best to the condition for applying 
the parabolic law (constancy of composition on the boundaries), since it does 
not come into direct contact with the liquid metal. Thus, even if this 
solution has a certain influence, this will be only at short holding times 
during diffusion in Cu— Zn systems when no e-phase was formed. 

The other condition (a linear drop in concentration within the layer) is 
important only in Cu— Zn systems in which the y-phase exists over a fairly 
wide range of concentrations. As we have already mentioned (p. 75 and 
Figure 24), this condition is fulfilled here quite satisfactorily. 

The thickness of layers of the y-phases of Cu— Zn and Fe— Zn systems 
were measured at different temperatures and holding times in the solid and 
liquid states of the low-melting metal. 

The results are plotted in the y?—# coordinates, where y is the thickness 
of the layer, in microns, and ?# is the duration of diffusion in hours. 

Figures 25 and 26* show some of the curves obtained, which indicate that 
there is always a straight line dependence of y? on ¢, or in other words that 
the parabolic law of growth y2=2pt holds. The mean parameter 2p for each 
parabola is determined as the slope of the corresponding straight line with 
the axis t¢. As we have already mentioned, this parameter is proportional 
to the diffusion coefficient. ** If we know the value of 2p at various 
temperatures, we can determine the temperature dependence of the diffusion 
coefficient. 

Since it seemed probable that in our systems, as in simple solid solutions, 
there is an exponential temperature dependence of the diffusion coefficient: 


(2p ~ D=Ae~ °/87), the temperature curves were plotted in ain Qp coor- 
dinates. 


* The numerical values are tabulated in the work of V. Bugakov and D. Gluskin, 
** Below we shall call this the coefficient of diffusion. 
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FIGURE 25. Growth of FIGURE 26, Growth of Fe—Zn diffusion 
Cu—Zn diffusion layers. layers. 


Figure 27 shows the temperature dependence of the diffusion coefficients 
for y-phases of the Cu— Zn and Fe— Zn systems. The numerical values 
corresponding to these curves are given in Table 40. 


TABLE 40. Temperature dependence of the diffusion coefficient 
for y-phases 


1 Cu — Zn Fe — Zn 
Tempera- = 
ture, °C . 
2p In 2p Qp In 2p 

600 1.14-10-3 | 1083-108 11.58 _ — 
920 1.25- 10-8 81 - 10% 11.3 77+ 102 8.94 
420) 1.43-10-3 24.2 - 108 10.65 13 - 102 7.16 
400 1.49. 10-8 75 +» 102 8.9 9-102 6.67 
300 1.63 -10-8 28.4+ 102 7.9 0.43 - 10? 3.75 
300 1.75-10-3 | , 12-10? 7.1 -- at 
225 2-10-8 2+ 10? 5.3 — — 
150 2.3-10-8 0.38 + 102 3.6 — — 


The straight line dependence of In2p on 1/T for diffusion in Cu— Zn and 
Fe — Zn systems confirms the assumption on the exponential nature of the 
temperature dependence of the diffusion coefficient. 

All points in Figure 27 for Cu— Zn and Fe— Zn systems lie on the same 
straight line. 

These straight lines have no bends, because the low-melting metal (Zn) 
passes from the solid state to the liquid, which indicates that the heat of 
loosening Q(slope of the temperature curve) is not influenced by the state 
of the low-melting’ metal. 

The heat of loosening found from the temperature curve is as follows: 


For diffusion in Cu— Zn.......... Q=15,200cal/g, 
For diffusion in Fe — Zn. ......... Q=1%7,680cal/g. 


b) Kinetics of the growth of layers during diffusion in Ag— Zn, Ag—Cd, 
and Cu—Cd systems. During the research on diffusion in these systems, we 
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studied the growth of all phases formed, including the e-phases in the 
Cu—Cd and Ag—Zn systems. In the Ag—Zn system the &-phase had the 
Same distinct boundaries and the same uniform width as other phases, so 
that it was possible to determine its width with great accuracy. In the 
Cu—Cd system, the e-phase had no such distinct boundaries, especially 
at the side of the low-melting metal. Its width differed somewhat at different 
points. ‘To obtain more or less accurate results, we had to make several 
measurements and find the mean values. We should expect that the con- 
centration of the e-phase at the boundary with the low-melting metal will 
also vary, but as the liquid metal (Cd) becomes saturated with the high- 
melting metal (Cu) during the process, these changes are small. 


4 - 
fe da9Q73 


FIGURE 27, Growth of 
Cu-Zn and Fe—Zn diffu- 
sion layers, 


The results of measurements of the thickness for all the systems 
plotted in y2—# coordinates are shown in Figures 28—32. It can be seen 
that there is always a straight-line relationship between the square of the 
thickness and the diffusion time, which means that the parabolic law 
y? = 2pt holds for the rate of growth of the layer. 

The curve representing diffusion in Cu—Cd systems at 240°C differs 
from other curves in the existence of a bend. At the beginning of the 
diffusion the e-phase only is formed and grows. However, after a certain 
time a y-phase appears, which changes the boundary conditions of the 
€-phase, and thus a bend appears on the curve. 

Figures 33—35 show the the temperature dependence of the diffusion 


1 fois 
coefficient in the In2p and—- coordinates. They indicate that inthese systems, 


as in the Cu— Zn and Fe— Zn systems, there is an exponential dependence 
of the diffusion coefficient on temperature. The slopes of the straight lines 
determine the heat of loosening for all phases of the systems studied. 

The available data are given in Table 40. 
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FIGURE 28. Growth of Cu—Cd FIGURE 29. Growth of Cu—Cd 
diffusion layers. diffusion layers. 
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FIGURE 30, Growth of Ag-Zn FIGURE 31. Growth of Ag—Zn FIGURE 32, Growth of 
diffusion layers. diffusion layers. Ag—Cd diffusion layers. 
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FIGURE 33, Growth of FIGURE 34. Growth FIGURE 35, Growth 
Ag—Cd diffusion layers. of Ag—Zn diffusion of Cu—Cd diffusion 


layers, layers. 
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Conclusions on the kinetics of the growth of phases formed by reactive 
diffusion. From the experiments described in this chapter some conclusions 
can be drawn on the laws governing the growth of intermetallic layers formed 
as a result of diffusion. 

The most important of these conclusions are the following. 

1) The rate of growth of layers, that is increase in their thickness, is 
governed by a parabolic law theoretically derived by Tamman and Rocha, 
and Frenkel and Sergeev. 

It should be pointed out that the applicability of this law was studied at 
a certain moment after the start of diffusion only. For example, in Cu—Zn 
systems the thickness of the y-layer was measured one minute after the 
start of the process, and in Fe— Zn systems five minutes after. The first 
measurements carried out a short time after diffusion started showed that 
the diffusion layers had reached a measurable thickness. Obviously, it 
was impossible to determine the course of growth at the very beginning of 
diffusion. From the data obtained we can only conclude that in certain 
systems the initial rate of formation of intermetallic phases is more rapid 
than their further growth governed by a parabolic law. 

Therefore, we must differentiate between the following two stages of 
reactive diffusion: 1) formation of an intermetallic phase by a surface 
reaction; and 2) growth of this phase as a result of diffusion. 

These stages proceed at different rates. For the first reactive stage 
this will be the rate of the surface reaction, which is apparently determined 
by the conditions under which these reactions take place, in particular, 
temperature, heat of formation, structure of basis metal, etc. The rate 
of the second stage of the process is determined by the diffusion coefficient, 
which as we have seen can be found from the law governing the growth of 
the layer. 

2. It has been experimentally found that the exponential dependence of 
the diffusion coefficient (parameter p) on temperature is always retained. 
The direction of the temperature curve remains the same, irrespective of 
whether the low-melting-metal is liquid or solid. This is only natural, 
since the growth of the intermetallic layers is always due to diffusion in 
the solid whatever the state of the low-melting metal. The physical state 
of the metal is important during the initial stage of interaction only, when the 
intermetallic phase starts to be formed. 

3) From the curves showing the temperature dependence of the diffusion 
coefficient the heat of loosening Q canbe found for each ofthe phases studied 
(Table 41). 


TABLE 41. 
Heat of loosening Q for phases; 

Diffusing 

metals rm Q 1 » 
Ag—dZn... 23 - 103 18-108 15.5 - 103 15-108 
Cu—Zn... 38 - 108 — 15.2. 108 = 
Fe—dZn... —_ _ 17.7 - 108 — 
Ag—Cd... 20 - 103 9.4 - 103 9-103 —_ 
Cu—Cd... == _ 33.2 - 108 15.2. 108 
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For comparison, Table 41 also gives some data on atomic diffusion in 
lattices of the high-melting metal in q-solid solutions. 

The data on the diffusion of cadmium and zinc in the lattices of silver 
were taken from /51/, and the data on the diffusion of zinc in copper from 
the paper of Meh} and Rhines. 

Table 41 shows that the heat of loosening during diffusion in intermetallic 
phases is always lower than in a-solid solutions of the high-melting metals. 
This indicates that the heat of loosening decreases with increase in concen- 
tration of the low-melting metal, Therefore, the e-phases have a lower Q 
than the q-solid solutions (this is particularly noticeable in diffusion in 
Ag—Zn and Ag—Cd systems). 

The decrease in Q is mainly due to the decrease in the melting point of 
the corresponding phases, and as expected, the phase with the lowest melting 
point has the smallest heat of loosening. 

Experiments show that the y-phases of the Ag—Zn, Cu—Zn, and Fe—Zn 
systems have very close heats of loosening (Q). The small divergencies 
are due to the differences in the melting points. These results are under- 
standable since the y-phases of these systems have not only similar crystal- 
lographic structures, but also the same electron density (according to Hume- 
Rothery the number of electrons per atom is 21/13). 

There are appreciable differences between the heats of loosening of 
v-phases in Ag—Cd and Cu—Cd systems. The heat of loosening of the first 
system is much higher than that of the three above-mentioned systems, but 
the heat of loosening of the second is much lower. Unfortunately, we are 
still unable to explain these differences. 

In conclusion, we should like to mention that the heat of loosening of 
intermetallic phases remains within the limits obtained for atomic diffusion. 

We should also add that for atomic diffusion the diffusion coefficients and 
the values of Q are partly influenced by the concentration, and can vary 
considerably as the result of the widely varying compositions of the solutions. 
The values of D and Q for diffusion in intermetallic phases are more stable 
and reliable, since the compositions of the intermetallic phases are more 
constant. 
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Chapter Il 


REACTION OF IRON WITH LIQUID ZINC 
(THEORY OF ZINC COATING OF IRON) 


Theoretical and practical importance of the reaction 
between iron and liquid zinc 


In the previous chapter we discussed the nature of the phases formed 
by reactive diffusion, and the laws governing their growth as a function 
of time and temperature. It was found that during the reaction between a 
liquid low-melting metal and a solid high-melting one the sequence of 
formation of intermetallic phases does not always correspond to the 
equilibrium conditions on the interface. Sometimes the composition and 
structure of the phase formed at the beginning of the reaction are not the 
same as those of the phase with the lowest-melting point in the system. 
Therefore, we assumed that metallic phases can be formed during 
reactive diffusion in one of two ways: as the result of the dissolution of 
the high-melting metal in the melt (equilibrium), or by a direct chemical 
reaction at the interface. In the first case, the phase with the lowest 
melting point forms first, which corresponds to equilibrium conditions, 
and in the second case, a phase for which the reaction conditions at the 
interface are most favorable is formed first. 

It can be assumed that the reaction between the solid high-melting metal 
and the liquid low-melting involves simultaneous processes: dissolution 
and chemical reaction on the interface. Each of these can produce various 
phases, and therefore the final structure of the diffusion layer will depend 
on the relative rates of these two processes. If the rate of the reaction on 
the surface is much higher than the rate of dissolution, an intermediate 
high-melting intermetallic phase will be formed on the interface of the two 
metals. This phase will hinder the supply of solid metal to'the melt, and 
therefore the formation of the low-melting phase produced as a result of 
dissolution. On the other hand, the ratio between the rates of dissolution 
and chemical reaction on the surface should be influenced by a number of 
factors, including the temperature at which the reaction proceeds. A 
change in temperature can alter the rate of the above two processes, and 
thus the final structure of the diffusion layers. The state and structure 
of the surface of the solid high-melting metal, the presence of impurities 
in the melt, etc., also have a certain influence. 

In this chapter we shall discuss the reaction between high-melting 
metals and liquid, and also a number of factors, including temperature, 
which influence this reaction. 
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For our studies we chose the Fe— Zn system, which we have already 
mentioned in our discussion on the research on the reaction between iron 
and liquid zinc. However, this work was not complete, and was confined 
to a study of the kinetics of growth of the FesZn2g; phase, and the conditions 
of dissolution were not considered. 

The reaction between iron and zinc is of great theoretical interest, and 
many published data (which we shall discuss later ) indicate that it may lead 
to the formation of very differing structures, depending on the conditions. 
However, the authors of these data came to no definite conclusion on the 
reasons for such variation. Moreover, the reactions by which the individual 
diffusion layers are formed are still not clear. Therefore we decided to 
carry out a systematic study of this system based on the principles of re- 
active diffusion of metals that we discussed above. 

The reaction between iron and zinc is also of great practical value, since 
it is the basis of the important process of hot-dip zinc coating of iron. In 
many methods for producing protective coatings, zinc is very important, 
because it can be easily and inexpensively applied and gives a layer 
resistant to corrosion by different media. 

Today, there are numerous methods for applying zinc to the surface 
of iron. 

The most ancient and widely used method is hot-dip coating, which has 
been used in industry for about 200 years. Competing with this method is 
electrolytic zinc plating, which has displaced the hot-dip process in some 
branches of industry. Nevertheless, statistical data show that the hot-dip 
method is still predominant, and according to Bablik, 50—60% of the zinc 
mined today is used for hot-dip coating. 

The advantages of the different methods of zinc-coating have been widely 
discussed, but many research workers prefer the hot-dip method, at least 
for coating some products. Hot-dip coating is clearly advantageous if 
thick layers are required in service, as these can be more readily obtained 
by dipping in liquid zinc. 

Although the hot-dip method iis widely used, the theory of this process 
has not yet been fully developed, and it cannot always explain the phenomena 
encountered in practice. 

The most important properties of zinc coatings are their good corrosion 
resistance and high mechanical strength. The corrosion resistance of zinc 
coatings is determined mainly by their thickness, particularly by that of 
the upper layer of pure zinc. The lower layers contain intermetallic 
Zn— Fe compounds, and are less important. 

The mechanical strength of the layer and its adhesion to the basis metal 
are very important in thick deposits. 

Usually, with increase in the thickness of the deposit the mechanical 
properties deteriorate. This is because the increase in thickness obtained 
in ordinary zinc-coating processes involves an increase in the thickness 
of the intermetallic layers (formed by a reaction). These are brittle and 
adhere poorly to the basis metal. 

Hence, to produce high-quality deposits, it is essential that the layer 
of pure zinc should be as thick as possible and the intermetallic layer 
reduced to a minimum. 

To satisfy these conditions, and give a theoretical proof of the existing 
experimental data, the kinetics of the reaction between iron and zinc must 
be studied. 
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Thus, a solution of the theoretical problem discussed here will help to 
determine the conditions for the production of strong zinc deposits, and 
this part of our work should be regarded as an attempt to give some of the 
theoretical principles of the zinc-coating of iron. 


A. REVIEW OF LITERATURE DATA 


§1. Phase diagrams of Fe—Zn alloys, and the 
structure of different phases in these systems 


Vegesack /79/, Raydt and Tammann /80/, and Peirce /81/, were the 
first to study Fe— Zn phase diagrams. Their results are very similar, 


and differ only in detail. One of Peirce's phase diagrams is shown in 
Figure 36. 


7? Liquid alloy 


773° 


Temperature, °C 
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Fe content, wt.% 


FIGURE 36, Fe—Zn phase diagram (after Peirce). 


As can be seen from this phase diagram, the region adjacent to Fe 
contains an a-solid solution of zinc in iron with a maximum concentration 
of 20% Zn. At elevated temperatures the a@-solid solution is transformed 
into a y-solid solution of Zn in Fe with the same region of solubility. 

The Zn-rich region contains two intermetallic phases (FeZng and 
FeZn7). The first is formed by a peritectic reaction at about 775°C, and 
contains about 22% Fe. According to the diagram it has no region of 
solubility. 

The FeZn7 phase is also formed by a peritectic transformation at 
about 660°C (658— 666°C according to various sources), but it has a certain 
region of solubility between 7 and 11% Fe. The phase diagram does not 
indicate the existence of a solid solution in the zinc lattice, and the 
solubility of iron in solid zinc is negligible, if it exists at all. 

The phase diagram shows that there is a eutectic (FeZn7+ Zn) in the 
region between the FeZn;7 phase and pure Zn. 
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The intermediate part of the diagram has heterogenous regions containing 
the (a- + FeZn3) and (FeZn, + FeZn,) phases. 

This diagram is very similar to the Fe— Zn phase diagram obtained at 
the beginning of this century. 

Appreciable changes have been only recently introduced into this phase 
diagram, mainly by Schramm /82/. His phase diagram (Figure 37) is based 
on different physicochemical studies. 


Temperature, “C 


Zinc, wt.% 


FIGURE 37, Fe—Zn phase diagram (after Schramm). 


The new phase diagram indicates the existence of not only the previously 
found two intermetallic compounds, FeZng3 and FeZn7, but also of another 
compound richer in zinc which contains between 6.0 and 6.2% Fe. 

Thus, Schramm found the following intermetallic phases in the Fe— Zn 
system: 

[‘-phase with a composition close to FesZng1, which exists at room 
temperature in the region of 20—27% Fe; 

§ - phase in the region of 7—11% Fe; 

— - phase in the region of 6—6.2% Fe. 

Besides these three phases, an a-solid solution of Zn in iron, and an 
n-solution, which is almost pure zinc, can also exist at room temperature. 
The crystallographic structure of intermetallic phases in the Fe— Zn 
system has been studied by different authors by X-ray structural analysis 
methods. One of the first studies by Osawa and Ogawa we have already 

mentioned. These authors found only two intermetallic compounds 


FeZng3 (FesZnoi)* and FeZnz7. 


Further studies generally confirmed the data of Osawa and Ogawa on the 
intermetallic FesZn2; compounds. According to the more recent and 


* Henceforth, we shall assign the formula Fe,ZMm,, to this phase, as it is more correct (see above). 
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complete studies of Schramm, this phase ([-phase of Schramm) has a cubic 
lattice with 52 atoms in the unit cell, and a parameter of 8.95— 8.93A 
(according to Osawa and Ogawa this lattice parameter is equal to 8.89 — 
8.934). 

On the other hand, the data of Osawa and Ogawa on the structure of the 
second FeZn;7 phase have not been confirmed by later authors. 

From X-ray studies of this phase (§-phase of Schramm), Schramm 
concluded that the 6 -phase has a lattice which is more complex than the 
close-packed hexagonal lattice. 

No accurate description of the structure of the 6 -phase was given 
by Schramm. 

The crystal structure of the 6-phase has recently been studied by 
Bablik, Gotzl, and Halla /83/, who used the Debye rotating crystal and 
Weissenberg methods. These authors found that the 6-phase has a 
hexagonal lattice with the following dimensions of the unit cell: a= 12.8A, 
e=57.6A. The cell contains 550+ 8 atoms (volume of unit cell V= 8173A \, 

This lattice belongs to the Dén space group. 

We have already mentioned that the Fe— Zn phase diagrams constructed 
recently by Schramm include not only the above two phases but also another 
intermetallic phase €: -phase), which is richest in zinc. The existence of 
such a low-melting phase had already been suspected. Thus, in 1921 
Lehman /84/ studied the magnetic properties of Fe— Zn alloys, and found 
a maximum on the curve of magnetic saturation corresponding to an alloy 
with 7.3% Fe. He concluded that the Fe— Zn phase diagrams known at that 
time were incomplete. 

Somewhat later, in 1925, a phase with a composition FeZnji9 was found 
by Schueler /85/ in heat-treated zinc coatings. Schramm /82/ studied the 
&-phases by X-ray thermal, magnetic, and microstructural analyses. By 
X-ray methods he studied alloys containing 6.0 and 6.5% Fe after different 
heat-treatment processes. Hence, he concluded that the €-phase is 
formed by a peritectic reaction § + L— € at 530°C, and that this phase is 
stable at room temperature. 

Thermal and magnetic analyses gave no clear indication of the 
formation of this phase. A microstructural study with a special reagent 
confirmed that a §-phase does exist, and that its appearance is different 
from that of the 6- and [-phases. The author, however, believes that both 
the physical and chemical properties of 6- and €-phases are very similar, 
and that their separation by etching is rather difficult. 

In a later study, Schramm found that the §-phase has a lattice similar 
to that of the 6 -phase. 

However, he did not determine its crystal structure more accurately. 

Later, Halla, Weil, and Gétzl /88/ found that the €-phase has a 
monoclinic lattice with the following parameters: a@=13.65A, 6=7.61 A, 
and ¢=5.06A, and B= 178°44' (space group c3,). According to these 
authors, the €-phase has the formula FeZnj3, and contains from 6 to 
6.2% Fe. 


95 


§2. Published data on the structure of zinc coatings 
and the reaction of iron with liquid zinc 


The discovery of a new €-phase in the Fe— Zn system and the changes 
made in the phase diagram complicated the problem of the structure of 
zinc coating. 

Until 1936— 1937 it was believed that this system had only two phases 
formed by the reaction of iron with liquid zinc: an Fes5Zna (FeZng, 
Fe3Zng) compound, or the I'-phase according to the recent designation of 
Schramm, and an FeZn7 compound (6 -phase). The numerous studies on 
the process of zinc coating or iron, summarized by Bablik /86/, 

Roudon /87/, and others have shown that two layers corresponding to 

the [’- and 6 -phases have already formed on the surface of iron after one 
minute of hot-dip zinc coating. There are also indications that one of these 
layers, usually the [-phase, is not formed in the coating. 

Diffusion layers of such a composition have been found after the pro- 
longed immersion of iron in liquid zinc. The early research of Grubitsch 
/89/, Sheil /90/ and co-workers, and others indicate that only two inter - 
metallic layers, corresponding to the I- and 6-phases, are formed in the 
range of 450— 500°C. We obtained similar results /70/. An X-ray 
analysis of diffusion layers formed by prolonged immersion of iron in zinc 
at 430°C revealed the presence of two phases corresponding to Fes5Zngq; and 
FeZn7 compounds. The microstructure of diffusion layers confirms these 
results. Figure 26 shows the structure of coatings obtained at 430°C; 
these contain only two layers. There is no doubt that the layer next to 
iron consists of the ['-phase (FesZng1), and the other layer is a 6 -phase 
(FeZnz). 

The results of research during the last years indicate the existence of an 
E-phase. In one of his latest works Bablik /91/ shows that the 6 - and 
€-phases comprise the major part of the coatings. To explain the formation 
of structures at different temperatures, he points out that the reaction 
6 + L— € does not take place at 530°C, as indicated by Schramm, but at 
4954+ 5°C. Grubitsch and Briickner /92/ studied the structure of the coating 
from the new phase diagram constructed by Schramm and concluded that 
zinc coating at up to 485°C for 60 minutes produces all three phases, and 
that the T-layer is the thinnest. Similar results were obtained by Scheil 
and Wiirst /93/, who found that coatings formed at 450°C contain all three 
phases. 

The above authors could not confirm the existence of the §-phase by 
X-ray structural analysis, and assumed that it existed from the results 
of a microstructural analysis. 

Most authors agree that only a 6-phase is formed at 450— 520°C, and 
that both [’- and 6 -phases are produced at temperatures above 520°C. 

There are controversial data on the €-phase described here. Its 
existence on the phase diagrams of Fe— Zn alloys is fairly certain, but 
the presence of the €-phase in the structure of zinc coatings on iron as 
an individual layer clearly separated from other diffusion layers is not so 
probable. Also, a layer such as the €-phase has never been found in 
earlier studies on the zinc coating of iron, and no such layer has been 
found in the more recent research of, for example, Thalemann /94/ and 
ourselves /70/. 
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Scheil and Wtrst do not give adequate proof of the existence of this 
phase as an individual diffusion layer /95/. Thus, Plate 5 (see Appendix) 
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FIGURE 38, Dependence of the 


rate of dissolution on temperature. 


taken from the paper of Scheil and Wurst clearly 
shows two types of crystals, dark ones clearly 
Oriented perpendicular to the basis of the layer 
and bright ones of a more or less regular shape 
distributed in the background of the dark crystals. 
The dark crystals are assumed to be a 6 -phase, 
and the light, an €-phase. 

Irrespective of whether the nature of these 
crystals is given correctly or not, it is important 
that there is no boundary between them. 

The X-ray studies of Schramm showed that the 
§ -and €-phases grow at a high rate in one 
preferred direction. 

All these data indicate that if the €~-phase 
exists in the coating it does not form a separate 
layer and is not separated by a boundary from 
the 6,;-layer. This is all the more probable as 


the structure of the €-phase is very similar to that of the 5;-phase. 

We shall now discuss the kinetics of the reaction of iron with liquid zinc. 
This problem has been studied by two methods: by determining the rate 
of dissolution of iron in liquid zinc (by measuring the weight loss of iron 
specimens) at different temperatures, and by studying the growth of 
diffusion layers with time at different temperatures /96,89,90,95/. The 
most important result of these studies is that they confirmed the existence 
of a maximum rate of dissolution of iron in liquid zinc over a certain 


temperature range. 


The curves showing the dependence of the rate of dissolution (weight 
loss per unit time) on temperature are similar to those in Figure 38, which 
were obtained by Scheil and Wirst /93/. 


Thickness of layer, mm 
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FIGURE 39, Growth rate of diffusion layers. 


Different authors give different temperatures for this maximum, but 
all the data lie within the range of 480-—520°C. The temperature curve is 
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similar to those representing the dependence of the growth of diffusion 
layers on time at a constant temperature. Figure 39 shows the curves of 
Scheil and Wiirst. An analysis of these curves shows that at temperatures 
below 480°C the layer grows rather slowly, and that this growth is governed 
by a parabolic law. Between 480 and 520°C (Figure 39, at 500°C) the 
layer grows rapidly and the curve becomes linear. Finally, above 520°C 
the growth is again governed by a parabolic law, and is appreciably slowed 
down. This growth of diffusion layers indicates the existence of two types 
of reaction between iron and liquid zinc. The reaction governed by a 
parabolic law of growth was designated as the reaction of the first type, 
and the linear growth of the layer is due to a reaction of the second type. 

Tungel, Scheil, and Shtengoff, studied a large number of steels of various 
compositions, and concluded that the temperature curve with a maximum 
solubility is not characteristic of all steels, but only of those which give a 
smooth solubility curve. 

The same authors point out that the type of reaction is related to the 
structure of the zinc coating. The reaction of the second type produces 
no I’-phase (FesZno;), but this phase is formed by the reaction of the first 
type. This conclusion was confirmed by the X-ray studies of Scheil and 
Wirst. These authors believe that the absence of the [’-phase is due to the 
sharp increase in the rate of dissolution of iron during the reaction of the 
second type. 

But not one of these authors was able to indicate the conditions necessary 
for these two types of reaction, or how these reactions are influenced by 
the composition and structure of the basis metal. Scheil and Wurst only 
found that the presence of some impurities causes a shift in the maximunn, 
but they gave no rulesfor this shift. 


B. EXPERIMENTAL STUDIES ON THE REACTICNS 
OF IRON WITH LIQUID ZINC ° 


§3. Relationship between the structure of the basis 
material and the structure of the diffusion layer 


The reaction of iron with liquid zinc can produce diffusion layers of 
different structures andthis confirms our earlier assumption that the nature 
of the phases formed by active diffusion is determined not only by the 
conditions of equilibrium at the interface but also by other factors. 

One of these factors is clearly the state of the surface of the basis 
metal (iron), which is a "background" for the formation of crystals of a 
new phase. 

Some surface phenomena on metals (adsorption, penetration of gases, 
galvanic processes) indicate that the structure of the surface has a 
considerable influence on reactive diffusion. 

We started our investigations on the reactions of iron with zinc by 
clarifying the influence of the basis material of the surface on which the 
two metals react. We used three types of wire: 1) commercial iron con- 
taining 0.1—0.15% C; 2) steel containing 0.45% C; and 3) steel containing 
0.9% C. The content of impurities did not exceed Mn—0.3—0.5%: 
Si—0.15—0.25%; P—0.02—0.04%; S—0.03%. 
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In our experiments we assumed that only the iron reacted with zinc, and 
that the amount and distribution of cementite may influence the properties 
of the basis metal, and thus the conditions of crystallization of new phases. 

The specimens were annealed at temperatures 50°C above the Ac3 
temperature, and then slowly cooled together with the furnace. To prevent 
appreciable oxidation and the burning of carbon of the surface, the 
specimens were heated in cast iron turnings. 

After they had been annealed, the specimens were etched in a 10% 
solution of hydrochloric acid, carefully washed, and dried. The zinc used 
for the experiments was purified by repeated distillation in vacuo. During 
the reaction the surface of the zinc bath was protected from oxidation by a 
layer of fused ammonium chloride. 

Care was taken to treat the specimens under identical conditions. All 
the specimens treated at the same temperature were fastened together ona 
wooden frame, and simultaneously etched and zinc coated under identical 
conditions. After they had been zinc coated, the specimens were mounted 
in sulfur, and samples for microscopic examinations were prepared along 
the plane perpendicular to the zinc-coated surface. The specimens were 
etched in a 4% solution of picric acid in alcohol. Thus, the structures of 
the diffusion layer and of the basis material can be seen. 

The coating was carried out at 420, 460, and 500°C, and the specimens 
were held in the molten zinc for 4 minutes. 

The microstructures of the diffusion layers obtained under these 
conditions are shown in Plates 6 and 7 (see Appendix) * 

A study of these microstructures shows that at 420 and 460°C the 
coatings produced on steel containing 0.15% C (Plate 6) had two layers. 

The layer closer to the iron was rather thin (about 0.01 mm), and separated 
by a distinct boundary from the iron and from the second diffusion layer. 

The second layer, which was much wider, had crystdls clearly oriented 
perpendicular to the surface of the specimen. 

This structure is similar to the one previously obtained by the reaction 
between electrolytic iron and liquid zinc (Plate 3, Appendix). 

Thus, we can assume that the first narrow layer consists of the FesZng2, 
intermetallic compound (previously called y-phase), and the second of a 
FeZn7 compound (an ¢ -phase according to an earlier nomenclature). These 
conclusions are based on an X-ray analysis of the coatings, and agree well 
with the published data, particularly for the FesZna,; compound. 

For a more convenient comparison of our results with the published data, 
we shall henceforth use the nomenclature introduced by Schramm. We shall 
call the FesZn2,; compound a ['’-phase, and the FeZn7 compound a 6 -phase.** 

The zinc coating of steel containing 0.15% C at 420 and 460°C produced 
two diffusion layers, consisting of I’- and 6 -phases. 

Different results were obtained when steels with 0.5 and 0.9% of C were 
coated at the same temperatures (Plate 7). The characteristic feature 
of diffusion layers formed on the surface of these steels is that they 
contained no narrow, sharply defined layer of the [-phase. These coatings 
consisted of a single 6 -phase layer, which in structure and orientation 


* Plates 6 and 7 show structures obtained at 420°C. The same structures were obtained at 460°C. 
** The [-phase is identical with the y-phase we have already studied, and the 6-phase with the e-phase. 
The designations of y and e that we used in Chapter I were correct according to the classification of 
phases by Hume-Rothery. 
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resembled the external diffusion layer formed on the surface of iron and 
steel containing 0.15% C. 

The coatings formed on steel with 0.5 and 0.9% C were considerably 
thicker (particularly on steel with 0.9% C). 

The structure of the diffusion layer formed at 500°C was the same on all 
three types of steel studied, and resembled the structure shown in Plate 7. 
No [-phase was found in coatings obtained at the same temperature on steel 
with 0.15%C. 

A comparison between these results and published data shows that the 
structures of coatings formed on steel with 0.15% C at 420 and 460°C are 
very similar to those obtained by the above authors on pure iron at about 
500°C (reaction of the second type). 

Thus, we found that the differences in the structures of diffusion layers 
noted by several authors who zinc coated the same materials at different 
temperatures also exist when different materials are zinc coated at the 
same temperature. 

As we have already mentioned, Tungel, Scheil, and Shtengoff found 
that the composition of the basis material influences the structure of the 
coating. 

A later paper by Musatti and La Falce /97/ mentions that the solubility 
of iron decreases with increase in the carbon content. These data contra- 
dict our results, and they have not been confirmed by later studies. 

Since only the iron reacts directly with zinc, it can be assumed that the 
changes in the structure of the coating as we pass from pure iron and low- 
carbon steel to high-carbon steels are due not only to the change in the 
chemical composition of the steel but also to the change in the structure 
of the basis metal. 

To check the correctness of this assumption, we carried out experiments 
with steels containing 0.5 and 0.9% C. These steels were heated to 40°C 
above Ac3, and quenched in ice-cold water. The specimens then had a 
martensitic structure. They were immersed in liquid zinc at 450°C, and 
their structure was then studieéd. It was found that the interaction of these 
specimens with zinc is similar to the reaction of specimens containing 
0.15% C, which means that the coating contained both a I’-phase and a 6- 
phase (Plate 8, Appendix). These experiments indicate that the differences 
in the structure of the diffusion layers of zinc on steels of different composi- 
tions are due not so much to the different contents of carbon as to the 
different structures of the basis metal, irrespective of its chemical 
composition. 


§4. Kinetics of the formation and growth of diffusion 
layers during the reaction of iron with liquid zinc 


The kinetics of the process was the main problem in our study of the 
reaction of iron with liquid zinc. 

In earlier research most attention was paid to temperature, and 
reactions at constant temperature were studied rarely and only at long 
holding times. Therefore, we investigated not only the influence of 
temperature, but also the sequence of formation and the growth of the 
diffusion layers at constant temperature. 
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To relate this problem to the structure of the basis metal, which as 
clearly seen in the last section has a certain influence, the experiments 
were carried out with two types of steel containing 0.15 and 0.9% C. 

Research on the kinetics of the process of zinc coating was also useful 
for determining the conditions under which layers of a maximum mechanical 
strength can be obtained. These conditions are directly related to the 
nature of the intermetallic compounds formed during zinc coating, their 
thickness, and their structure. 

As starting material we took steel wire containing 0.15 and 0.9% C (from 
the same batches and with the same composition as the wire for the 
experiments described in §3), and commercially pure zinc distilled in 
vacuo. Since the purpose of our research was to study the dependence of the 
structure of the coating on the duration and temperature of the process, 
we used structural methods of analysis, mainly microstructural, which are 
most important for studying reactive diffusion. 

By methods of structural and X-ray analysis, we /70/, like other 
authors, determined the physicochemical nature of the phases formed 
during the reaction of iron with zinc. It was usually possible to correctly 
determine the presence of individual phases from the microstructure of the 
coatings.* Therefore, we used X-ray analysis only if the nature of the 
phases present in the deposit could not be determined from their micro- 
structure alone. 

As an additional method for solving certain problems, we used the 
electrochemical method introduced for studying deposits by Glasunov /98/. 
Britton /99/ suggested this method for studying zinc coatings on wire, and 
obtained several types of curves for deposits obtained by different methods 
(hot-dip coating, electroplating, etc.). In our work this method was 
adjusted to solve the problems we were studying. 

In an electrochemical analysis of zinc deposits, the e.m.f. was measured 
between zinc-coated specimens (for example, a zinc-coated wire) used as 
an anode and a zinc gauze which served as a cathode in the dissolution of 
zinc coatings in a solution of ZnSQ,. 

If a cell consisting of a zinc-coated wire, pure zinc, and a ZnSO, 
solution (electrolyte) is short-circuited by an external current, the 
potential difference E between the anode and the cathode can be written: 


E=E.— Ezatyy, 


where E, is the potential of the cathode, &, is the potential of the anode, and 
/,is the potential drop in the circuit. 

Since both &, and /,are constant for given conditions of the experiment, 
the potential E will depend on £, only, i.e., on the potential of the anode. 

By measuring E during the dissolution of zinc coatings in ZnSO, we can 
obtain the values of the electrochemical potential E,of our deposit at 
different distances from the surface. 

Under the influence of an electric current, a specimen dissolves in an 
electrolyte in stages. The potential E remains constant during the dissolu- 
tion of a layer of constant concentration (pure zinc or an intermetallic 
compound), and then changes as we pass from one layer to another. Thus, 


* It was sometimes difficult to separate the 6-phase from §, This was only possible using data on the regions 


of existence of these phases in the Fe — Zn phase diagram, or data on their distribution in the structure of 
the deposits. 
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the variation in potential with time can be described by a curve like the one 
in Figure 40. | 

Sections BC, DE, and FGof the curve correspond to transitional regions 
of the deposits from pure zinc to the first intermetallic compound, from 
the first intermetallic compound to the second, 
etc. Each of these sloping sections of the curve 
is formed if the coating contains a solid solution 
(in zinc, in the intermetallic compound, and in 
iron). 

The size of each of the horizontal sections 
depends on the thickness of the individual layers 
and on the rate of their dissolution in the 
electrolyte. This rate clearly varies from layer 
to layer. Britton believes that the coating is 
dissolved uniformly from the whole surface of 
the zinc-coated wire. Even if this is not com- 
pletely true, it can be assumed that the size of 
the horizontal plateau is proportional to the 
thickness of the given part of the deposit. 

We used the electrochemical method as a 
supplement to microstructural analysis for determining the structure of a 
zinc coating. The shape of the potential—time curve, the number of hori- 
zontal sections, their length, and the length of the whole curve, gave us an 
idea of the intermetallic compounds present in the coating, their relative 
thickness, and the relative thickness of the deposits obtained under 
different operating conditions. 

The apparatus for recording the curves of the electrochemical potential 
consisted of a glass vessel 35mm in diameter, and a cylindrical zinc 
cathode placed on the internal surface of this vessel. 
As an anode we used zinc-coated specimens 65mm long 
and 1—1.5mm in diameter. The cylindrical vessel 
was covered by an ebonite lid fitted with the terminals 
of the anode and cathode, separately fastened. The 
electrolyte was a solution of 20 parts of NaCl and 
10 parts of ZnSO, in 100 parts of water. The apparatus 
was filled with 70cc of this solution. The current 
density in the cell was 0.16 A/cm’, 


A diagram of the electric circuit is given in 
FIGURE 41. The elec- Figure 4]. 
tric circuit diagram, 


FIGURE 40. Variation in potential 
with time during the dissolution of 
zinc-coated iron. 


After the specimen had been immersed in the 
solution and the current switched on, we measured 
the potential difference between the anode and cathode, usually every 
20sec. The measurements were stopped after all the zinc coating had 
dissolved in the solution. The end of the process was found from the 
potential difference, which in this case corresponded to that between an 
iron anode and zinc cathode. 

The mechanical strength of the deposits was determined by the usual 
simple methods used in plants. These include tests on the cracking and 
peeling of the zinc layer as a result of the deformation of a zinc-coated 
wire. 

The zinc-coated wire was wound around a rod 4mm in diameter. We 
did not use the different industrial standards, as we only wished to study 
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the influence of the conditions of zinc coating on the strength of the deposit. 
Therefore, it was important to maintain the same conditions of testing. 

Such tests correspond to the service conditions of the wire. 

a) Formation and growth of diffusion layers at 450°C. To study the 
isothermal formation of zinc deposits we chose 450°C as the temperature 
most frequently used in industry for zinc coating iron and steel. 

Iron (0.15% C) and steel (0.9% C) specimens made of 1— 1.5mm thick wire 
were treated by the above procedure. 

The specimens were held for a given time in the zinc bath, and then 
rapidly withdrawn and wiped with asbestos. The process is thus similar 
to the industrial method, in which wiping with asbestos is a necessary 
operation in the zinc coating of wire to impart a smooth and uniform 
surface. We had to do this to gain a correct idea on the mechanical 
strength of the deposit. A smooth and uniform surface is advantageous for 
the electrochemical analysis of the deposits. 

To obtain a better idea on the microstructure of the coating, we carried 
out another series of experiments with the same starting material but 
without wiping. In these experiments the specimens were held for a given 
time in the melt, and then rapidly cooled together with the liquid zinc, 
which usually solidified in the course of a few seconds. 

The microstructures of zinc deposits on iron specimens (0.15% C) cooled 
together with the melt are shown in Plates 9 and 10 (see Appendix). - Layers 
obtained by immersing for less than 1 min had the structure of a fine- 
grained eutectic (FeZn7+ Zn) ingrained with small crystals, apparently of 
FeZn; (§-phase). No layer of an FesZn2; compound was found. 

Quite different structures are obtained by immersing for lmin. These 
coatings have a clearly defined layer of the FesZno,; compound bordering 
on the iron basis. The structure of the external layer bordering on zinc 
is also different. Instead of the disordered distribution of the FeZn, crystals 
in the eutectic, characteristic of short holding times, we have no eutectic 
but a clearly defined orientation of crystals perpendicular to the surface 
of the basis metal. 

The structure of the layers obtained by longer immersion did not differ. 
The formation of a visible and continuous layer of the Fes5Zn21 compound 
inhibits further growth of the whole coating, particularly of the FeZnz7 layer. 
Plates 9 and 10 (in the Appendix) show that an increase in the holding time 
from 3 to 20 min scarcely changes the thickness of the FeZn; layer. The 
layer of FesZn2,; increases continuously. The law governing the growth of 
this phase was determined by measuring the thickness of the layer formed 
by immersing for different times (from 1 to 20 min). 

Mean values of the thickness of the Fes5Znz2; layer are givenin Table 42. 


TABLE 42. 


Duration of zinc coating, Thickness of layer, 
L y X 250 mm 


y™x (250)? mm? 


103 


The graph of the square of the thickness of this layer plotted against 
time (Figure 42) is a straight line on which the experimental data lie 
satisfactorily. Hence it follows that the growth of the 
chief phase (FesZnzgi) is governed by a parabolic law 
expressed by the formula y?=2pt, where pis a constant 


2 
Ee proportional to the diffusion coefficient at a given 
ia temperature. 
Le This result is quite clear, since the [-phase satisfies 
oy the limiting conditions necessary for parabolic growth 
a of the diffusion layer. In fact, as we have already 
a mentioned, the condition for parabolic growth includes 
. the constancy of the concentration on the boundary of the 


layer. The I-phase borders on the intermetallic com- 
pound FeZn7, which has a slightly variable composition, 
0 § 15 20¢min and also on a -iron, which has a concentration that can be 

considered constant, since the diffusion of Zinc in a-Fe 
FIGURE 42, Curve On: . 4s 
showite: dieveroweh at 450°C is so slow that it can be neglected. Deviations 
of the chief P phase. in the growth of the [-phase from the parabolic law can 

be observed for longer immersions in the zinc bathonly. 

The layer of the 6-phase is not governed by the 

formula y?=2pt, and after the FesZn2: compound has been formed, the 
growth of the 6 -phase is greatly retarded. 

The microstructural study of the coatings was supplemented by the 
electrochemical method described above. We obtained a series of curves 
in potential— time coordinates for specimens coated with zinc at 450°C for 
different immersion times. These curves (Figure 43) indicate that if the 
zinc coating process is short (up to 45sec), the horizontal plateaus corre- 
sponding to phases with a constant composition (in this case intermetallic 
compounds) are missing. The first, small plateau, or more accurately 
bending point, appears after 45sec of immersion in the zinc bath, and it 
can be seen quite clearly in the case of specimens coated for more than 
lmin. Frocesses lasting for more than two minutes produce a second 
plateau on the curve which corresponds to a higher potential. 

The lower plateau is more pronounced and longer, and apparently corre- 
sponds to the 6 -phase (FeZn7), and the upper plateau represents the higher 
potential, and corresponds to the chief [-phase. The small thickness of the 
chief phase explains its relatively small effect on the electrochemical 
curves. None of the curves has a horizontal plateau corresponding to pure 
zinc, which is understandable because all specimens were wiped with 
asbestos directly after they were removed from the zinc bath, and there- 
fore a layer of liquid zinc was removed from the surface of the wire. 

The electrochemical curve confirmed the data of the microstructural 
analysis. 

Zinc-coated wire was tested by winding it around a 4mm-diam.rod. It 
was shown that specimens treated at 450°C for 45 sec—1min are of good 
quality, and no defects appear during the test. Coatings obtained by 
processes lasting for one min or more crack and peel during this test. A 
comparison of these results with those of the microstructural analysis 
shows that after the intermetallic Fes5Znq layer is formed, the adhesion of 
zinc coatings greatly deteriorates. This is apparently due to the weak bond 
between this intermetallic compound and the iron basis. 
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FIGURE 43. Electrochemical curves of zinc coatings on 
iron (0.15% C): 


Duration of zinc coating: a—15 sec; b—30sec; c— 
45 sec; d—1min; e—2min; f—3min; g—d min, 
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FIGURE 44, Electrochemical curves of zinc coatings on 
steel (0.9% C): 


Duration of zinc coating: a—15sec; b—30sec; c— 
42sec; d—1lmin; e—2min; f—3min. 
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A certain influence may be exerted by the change in the structure of 
FeZn7 crystals, caused by the formation of the Fe5Zn2; compound. An 
orientation of the FeZn7 crystals probably decreases the strength of the 
layer. 

Electrochemical curves for zinc-coated steel wire are shown in 
Figure 44. These curves have only a single plateau, which apparently 
corresponds to the intermetallic FeZn7 compound. 

The electrochemical curves constructed for iron and steel wire show the 
rate of growth of the diffusion layer during the zinc coating of iron and 
steel at 450°C. 

If we neglect the difference between the rates of dissolution of diffusion 
intermetallic iron-zinc compounds in ZnSQ4, and consider the time 
necessary for dissolution of the total zinc coating (width of the electro- 
chemical curve) in relation to the thickness of the coating, we can find the 
relationship between the thickness of the deposit and the duration of zinc 
coating. 

Such curves plotted in the coordinates: duration of zinc coating — thick- 
ness of coating (time of dissolution of coating in ZnSO, under current) are 
shown in Figure 45 for iron and steel wire. 


Iron 


304 (0,15 %6) 
oe ‘(23945 1234 
Duration of zinc Duration of zine 
coating, min coating, min 


FIGURE 45. Duration of the dissolution of 
layers in ZnSO,, in sec. 


These curves confirm our conclusions derived from the results of 
microstructural analysis. For iron wire the thickness of the deposits 
grows rapidly up to a certain limit of duration (1 min) of the zinc coating 
process. Further increase in the duration of coating leads to a much 
Slower growth of the layer. According to microstructural analysis, the 
bending point on the growth curve clearly indicates the formation of an 
FesZnq; intermetallic compound. For steel wire (Figure 44) the graph 
showing the continuous growth of the layer is a straight line. 

The differences in the kinetics of growth of diffusion layers on iron and 
steel are indicated by the action of liquid zinc on the baths used for 
coating. It has been experimentally confirmed (for example, at the 
Lus'vensk Metallurgical Works) that with decrease in the content of carbor 
in the material of which the bath is made, the reaction with liquid zinc 
becomes less vigorous, and consequently the service life of the device is 
prolonged. This phenomenon is partially explained by the results of our 
research, which indicate that with decrease in the carbon content in the 
ironthe Fe,Zng; compound is formed more rapidly, and its presence great] 
hinders the reaction between iron and liquid zinc. 
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b) Influence of temperature on the kinetics of growth of diffusion layers. 
Numerous studies have been carried out on the influence of temperature on 
the structure of zinc coatings. The most important of these have already 
been discussed. We have seen that the most significant result of these 
studies was the discovery of two types of reactions to explain the maxima 
on the curves showing the temperature dependence of the rate of dissolution, 
or of the rate of growth, of diffusion layers of iron. 

These conclusions were drawn for pure iron and for prolonged durations 
of coating in liquid zinc. 

The purpose of the present research was to determine the nature of the 
reaction at the initial stage of the process, and therefore unlike previous 
authors we held the specimens in liquid zinc for very short periods. 

For the basis material we used: pure iron containing less than 0.1% C, 
steel containing 0.15% C, and steel containing 0.9% C. 

The structure of deposits on pure iron was studied after zinc coating 
at 450, 475, 500, 525, and 550°C. The conclusion drawn from this study 
is that zinc coating at 450°C produces the same results as those we 
obtained with steel containing 0.15% C, except that here, too, when the 
content of carbon in the specimens was lower, the I’-layer appeared 
early (after coating for 30sec). The same is true of zinc coating at 475°C, 
when the I’-layer appears even after a 15-sec dip. A comparison of the 
structures obtained after 15sec and 2 min in the bath at 475°C showed that 
the total thickness of the layer scarcely increased, except for the ['-phase 
which became thicker as the result of the growth of FeZn, crystals. 

No FesZn2, compound was found after zinc coating at 500°C. The 
deposit consisted of only one layer, a eutectic with coarse and light 
ingrained crystals. According to Scheil and Wirst /93/, this is a 6 -phase. 

Zinc coating at 525 and 550°C for periods from 15sec to 2 min produces 
only a [’-phase layer. 

The results of the microstructural analysis show that the diffusion layer 
grows most rapidly at 500°C. At 525 and 550°C a process lasting from 
15sec to 2min produced.coatings of almost the same thickness. 

An X-ray analysis of the structure of deposits, already described, 
showed that FesZn2; and FeZn7 compounds are formed at 450 and 475°C. 
Only FeZn7 is formed at 500°C and only FesZng; at 525 and 550°C. Thus, 
these results confirmed the data of microstructural analysis. 

Structures of the same type were formed by zinc coating steel con- 
taining 0.15% C, but they varied in a somewhat different manner. A 
microstructural analysis showed that coatings obtained at 475 and 550°C 
consist of two layers of the same structure as the coatings formed at 450°C. 
Coatings obtained at 500 and 525°C contain no FesZnz; compounds, but only 
a single diffusion layer with the same structure as that produced on pure 
iron at 500°C. The thickness of this layer, as on pure iron, is considerably 
greater than the total thickness of the diffusion layers formed below 500 and 
above 525°C. 

Thus, deposits obtained on pure iron (< 0.1% C) have a single-layer 
structure formed between 500 and 525°C, while deposits obtained on steel 
containing 0.15% C have such a structure formed between 500 and 550°C. 

From a study of structures formed at different temperatures on steel 
containing 0.15% C it was possible to verify our conclusions on the nature 
of diffusion phases. 
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A comparison of deposits obtained at 450, 475, and 500°C shows that 
they have the same structures, and therefore there can be no doubt that 
the phases formed at these temperatures are identical. On the other hand, 
the most recent Fe—Zn phase diagram, and particularly the extensive 
studies of Schramm, indicate that above 530°C the coating consists of I’- and 
§-phases only. Consequently, the coatings on pure iron and on low carbon 
steel obtained at all the above temperatures consist of I'- and 6 -phases. 

We studied the structure of coatings on steel containing 0.9% C at 475, 
500, and 525°C obtained by immersions lasting 10 and 20sec. In all cases 
the structure was the same as that obtained on iron and steel containing 
0.15% C at 500°C, and consisted of elongated thread-like crystals of FeZnz, 
which were transformed into a fine-grained eutectic mixture (FeZn7+ Zn). 

c) Discussion of results. Kinetics of the reaction of iron with liquid 
zinc. Our data on the influence of temperature agree in general with those 
of other authors, including the most convincing data of Scheil and Wurst. 
These data disagree on the structure of zinc coatings formed on pure 
iron at 450°C. Scheil and Wiirst maintain that these coatings consist of 
I'-, 6- and §-phases, but we found only the first two of these. The identity 
of the structures of deposits obtained at 450 and 550°C proves that no 
&-phase is formed at 450°C. This discrepancy can be explained by the 
fact that our immersion times (up to 70 min) were considerably shorter 
than those of Scheil and Wurst, and that this time was insufficient for 
the formation of the €-phase. There were no discrepancies with 
reference to structures formed above 450°C. Some authors believe that 
the €-phase is formed below 490— 500°C, although it exists up to 530°C. 
Moreover, Grubitsch /92/, Scheil and Wirst /93/, and others agree that 
this phase has little influence on the kinetics of the reaction of iron with 
zinc, which is determined chiefly by the relationship between the [- and 
5-phases, and therefore we shall henceforth consider that only these phases 
are formed. This is in any case true when the immersion times do not 
exceed 20 min. 

By investigating the structure of coatings obtained by short-time 
immersions in liquid zinc, we were able to clarify details of the process, 
such as the order of formation of diffusion phases, that had not yet been 
studied. 

It was found that below 500°C separate, sharply defined layers of [- 
and 6-phases are almost simultaneously formed during short-time 
immersions in liquid zinc. 

Above 500— 525°C, depending on the composition, the ['-phase is formed 
first. This is confirmed by the fact that coatings obtained by immersion for 
up to 3min consist of a [‘-phase only. 

In this research we are the first to show the influence of the structure 
of the basis metal on the structure of the diffusion layer. 

We shall analyze the structures obtained at different temperatures and 
immersion times by first discussing the results of zinc coating pure iron 
(C< 0.1%) and low-carbon steel (0.15% Cc). These results indicate the 
formation of the following two coatings: a two-layer coating (I- and 6 - 
phases) formed above and below the range of 500— 525°C, and a single- 
layer coating (FeZn7+ eutectic) formed at 500— 525°C. 

Some authors found that each of these coatings produces a different 
curve showing the solubility of iron in liquid zinc as a function of time. 
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They therefore assumed that there are two types of reactions. We believe 
that we can explain the variation in the structure of deposits with tempera- 
ture without such an assumption. 

If we disregard the structure formed at 500°C, and thus the maximum 
on the solubility curve, we can come to the following conclusions on the 
basis of microstructural analysis: the [-layers form at a certain period 
after the start of the reaction. This period decreases with temperature. 
Thus, at 450°C the [’-layer is formed after 30—45sec, at 475°C it appears 
after 15sec, and at 550°C even sooner, since after 15sec it has an 
appreciable thickness. There is a certain initial period during which the 
['-layer forms very slowly or not at all. 

The I’-layer grows partially at the expense of the FeZn7 crystals and the 
growth is governed by a parabolic law. The total thickness of the coating 
increases very slowly. This explains the structure formed by zinc coating 
pure iron at 525 and 550°C. Here, the [-layer appears during the first 
moment after the specimens are immersed in the bath. Direct contact 
between iron and liquid zinc is broken, and the dissolution which can proceed 
only as a result of the diffusion of iron atoms through the continuous [-layer 
is partially slowed down. This also slows down the formation of FeZny7 
crystals, and therefore short-time immersions produce only [-layers. 
Since iron nevertheless dissolves in zinc, although slowly, longer holding 
times produce 6-layers also. 

This order is upset at 500°C, as paradoxically this temperature causes a 
more intensive dissolution of iron and the formation of different diffusion 
layers than in the case of zinc coating at other temperatures. These 
phenomena are the result of a different process, and other conditions being 
equal, this process is characteristic at temperatures near 500°C. We 
found no reasons for such a change in the process over this narrow range 
of temperatures, since neither zinc nor iron undergo any changes in this 
region. The Fe— Zn phase diagram does not indicate any specific changes 
at these temperatures. 

Therefore an attempt was made to explain the reactions at 500°C within 
the same framework as the reactions at other temperatures. 

Certainly, this framework must be based on the rates of the processes 
taking place during the reaction of iron with liquid zinc. 

There are two main processes during the reaction of iron with liquid 
zinc: 1) dissolution of iron in zinc, and 2) formation of intermetallic 
compounds. 

The first process is based on the passage of Fe ions into the liquid 
zinc, and the formation of a solution of a certain concentration. [If the 
concentration of this solution is below the solubility of iron in zinc at the 
given temperature (short-time process), no solid phases are formed during 
the process, and only the (FeZn7+ Zn) eutectic, or a eutectic with an 
excess of FeZn; crystals uniformly distributed in its bulk, crystallizes after 
the specimens are extracted from the melt. If the concentration of iron 
in the liquid zinc is higher than its solubility (long-time process), FeZn7 
crystals will form and will solidify on the surface of the iron specimen. 
However, some crystals may become detached from the surface of the 
specimen and enter the melt. After the iron specimen has been extracted 
from the bath, coarse FeZn7 crystals and a eutectic with uniformly distri- 
buted FeZn7 crystals will probably solidify on its surface. 
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It can be assumed that the rate of growth of the FeZnz diffusion layer is 
proportional to the rate of dissolution, provided that the dissolution of iron 
in liquid zinc is the only process taking place during the coating. As the 
rate of dissolution we understand the value of dQ/dt (amount of dissolved 
substance per unit time) related at each temperature to the moment the 
reaction starts. 

In the second process the FesZn2; compound is formed, and the process 
can proceed simultaneously with the first, but it is not related to it directly, 
as this is not a diffusion but a reactive process. We found by experiment 
that the formation of the Fe5Zn2; layer does not start at the beginning of the 
process, but a layer which can be observed under a microscope appears 
a certain time after the reaction starts. We were unable to find out whether 
this layer is not formed at all during the initial period, or whether it grows 
very slowly. The period between the start of the process and the moment 
a layer becomes visible under a microscope can be called the ‘incubation 
period' t, and 1/t the rate of formation of the FesZn2; compound. We have 
thus found two values characteristic of the interaction of iron with zinc: 
dQ/dt is the rate of dissolution; and 1/t is the rate of formation of the 
['-phase. As we know nothing about the temperature dependence of these 
values, we can only assume that it will be monotonous, and that the curves 
representing these dependences will have no minimum or maximum. It 
can also be assumed in general that the temperature dependence of the rate 
of dissolution will be exponential in nature. 

We related the rate of dissolution of iron in zinc (dQ/dt) to the start of 
the process, so that this value could be considered as independent and 
characteristic of the given process. Otherwise, the rate of dissolution 
would be influenced by the presence of the FesZn2; compound formed 
sometime after the coating process has started, and which greatly decreases 
the final rate of dissolution. 

The structure of Zn coatings is determined by the relationship between 
the above rates and the given conditions. This relationship is in turn 
influenced by a number of factors, including the temperature of the coating 
process and the structure of the basis metal.“ We shall now prove that 
the formation of zinc coatings of various structures at different tempera- 
tures can be explained by the above theories. For this purpose, it is 
necessary to plot the rates of these processes against temperature, and 
determine which of these can represent the real structure. 

We shall not consider the shape of these curves in detail, but they must 
be monotonous for the following reasons: if the rate of dissolution of iron 
in zinc is equal to, or slightly more rapid than, the rate of formation of 
FesZn21, the immersion of iron specimens into liquid zinc should lead to 
dissolution of iron in zinc during the first moment of contact, with the 
formation of a eutectic and FeZn; crystals. Soon after, the FesZno) 
compound is formed, which greatly hinders further dissolution of iron. The 
same is true of zinc coating at 450 and 475°C. 

The rate of dissolution of iron in zinc considerably exceeds the rate of 
formation of the FesZn2; layer, since the iron on the surface of the specimen 
in contact with the liquid zinc rapidly passes into the solution, and the 
reaction of formation of FesZn2; on the surface is slowed down or may not 
proceed at all. This agrees with our observations during zinc coating at 
500°C (or at 525°C on steel containing 0.2% C). 


* And also impurities in the bath, as we shall show later. 
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Finally, if the rate of formation of FesZn2; is more rapid than the 
dissolution of iron in zinc, the FesZn2; formed during the first moments 
of the reaction hinders further dissolution of 
iron, and the FeZn7 compound is not formed 


w g during the first moments. The same is true at 
9 9 Rate of 550°C. 
a i ' i i 
Aa formation , It can be assumed that the rate of dissolution 
of FeZn, ™ 


of iron in pure zinc before the FesZn2,; compound 

is formed increases with increase in temperature 
according to an exponential law. The temperature 
dependence of the formation of the Fes5Zn2; com- 
pound (that is a value inversely proportional to the 
time after which this layer is formed) is not known, 


Rate of dis- 
— 
solution 


——» Temperature and it can only be assumed that other conditions 
being equal (for example, the structure of the 
FIGURE 46, Kinetic scheme basis material) the curve representing this 
of the reaction of iron with dependence will be continuous and monotonous. 
zinc. Figure 46 shows schematically the arrangement 


of these curves. 

This arrangement of the curves of the rate of 
dissolution of iron in zinc (growth of FeZn7) related at each temperature 
to the start of the process and to the rate of formation of Fe,Zn,, can 
explain the structures of the zinc deposits formed at the corresponding 
temperatures. 

At temperatures corresponding to the sections ab and cd (450 and 475°C), 
the rate of dissolution and the rate of formation of FesZn2; are very close, 
and therefore the beginning of dissolution is followed by the formation of a 
FesZn2, layer. The formation of this layer inhibits the dissolution of iron. 
As a result, the structure of the deposit will consist of two layers of 
Fes5Zn2; and FeZn; compounds, and an increase in the duration of zinc 
coating will lead to growth of the FesZng, layer at the expense of the FeZn7 
layer. 

At a temperature corresponding to the section ef (500°C), the rate of 
dissolution of iron is much more rapid than the rate of formation of 
Fes5Zn21, and therefore at this temperature FeZn7 crystals are mainly 
produced. 

Finally, at temperatures corresponding to the section gh and above 
(525— 550°C), the rate of formation of the FesZng; layer is more rapid 
than the rate of dissolution of iron, and therefore this compound is formed 
during the first moments of zinc coating, and hinders the dissolution of 
iron in zinc from the beginning. In this case the coating can consist of 
either FesZnz; crystals only (as in the case of coatings obtained by short- 
time immersions), or of a layer of FesZng, and a layer of FeZnz. 

The curves shown in Figure 46 should be considered as an attempt to 
explain the structure of zinc deposits by a variation in the ratios between 
the rate of dissolution of iron in zinc and the rate of formation of anew phase, 
at different temperatures and at a continuous and monotonic courses of each 
of these processes. . 

In this way it is also possible to explain the structures formed during the 
zinc coating of steel containing 0.9% C. As we have already seen, noI’- 
phase (FesZna) is formed over the range of 450— 550°C. 
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It is sufficient to assume that the influence of the structure of the basis 
material can lead to a change in the relationship between the rate of 
formation of the ['-phase (FesZna1) and the rate of dissolution of iron in 
liquid zinc. 

On eutectoid steel (0.9% C), the rate of dissolution at all temperatures 
is apparently much more rapid than the rate of formation of the I’-phase. 
As a result, only a single-layer structure of FeZn7; crystals is formed, and 
in the layers removed from the surface this is gradually transformed into 
a (FeZn7+ Zn) eutectoid. This structure is similar to that obtained on pure 
iron or on low-carbon steel over a narrow temperature range near 500°C. 

It should only be pointed out that as already shown (§3) this influence is 
due to changes accompanying the change in the chemical composition, and 
not directly to the influence of the carbon content in the iron. 

Let us once again mention the strength of zinc coating. This problem 
cannot yet be: discussed in detail since so far we have only considered the 
processes occurrring during zinc coating of iron and steel in pure Zinc. 

In some plants which galvanize iron and steel, special additions 
(chiefly aluminum) are introduced to increase the strength of the coating. 
Therefore, a complete review of the problem of the strength of zinc 
coatings must be based on an analysis of the influence of some impurities 
on the structure of the coating. 

Nevertheless, some products (wire, tubing, various metallic articles) 
are zinc coated in baths with no special additions. Therefore, the problem 
of the conditions for producing strong layers without additions to the bath 
is of industrial interest. 

It has been found that zinc coatings adhere most strongly to the basis 
material if there are no intermediate intermetallic phases between them. 
However, to produce such coatings with a sufficient thickness by hot — 
dipping in pure zine is almost impossible. Therefore, we must search for 
a better solution to the problem when intermediate alloy layers are present. 

The results of this research have shown that the FesZn2; intermetallic 
compound adheres badly to the basis material, and therefore it is least 
favorable for zinc coatings. 

The rate of formation of this phase is greatly influenced by the structure 
of the basis material and by the temperature of the process. 

Zinc coating of pure iron at 450°C in baths with no special additions leads 
to the formation of an FesZng; layer a short time after the reaction starts. 
This time decreases if the content of carbon in the iron is less. 

Deposits obtained by short-time immersion of iron and steel (before 
FesZn2i layers can be formed) consist of an (FeZn; + Zn) eutectic with very 
small FeZn7 crystals ingrained in the total mass of the coating. 

The absence of any coarse intermetallic precipitate and of any 
intermediate boundaries indicates that for zinc coating with pure zinc the 
structure of a fine-grained eutectic is the most favorable for strong 
deposits. 

The correctness of this assumption was confirmed by using two 
examples of such a structure obtained by: 1) a short-time zinc coating 
of iron (up to 45—60 sec) at 450°C; and 2)a longer immersion (up to 
2—3min) at 500°C. ; 

Therefore, we can ask whether thick deposits cannot be obtained at 
500°C, when no FesZng; intermetallic compound is formed during rather 
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long periods of immersion. However, zinc coating at 500°C involves some 
difficulties, because in order to obtain a coating without an FesZng, layer 
the temperature must be controlled very accurately. This is difficult under 
industrial conditions. 

Zinc coating at elevated temperatures (about 500°C) whenno Fe,;Zn,, layer 
is formed must be applied to definite technical articles. 

These articles may be iron wire, which is often zinc galvanized. 
Usually, to obtain a smooth surface the coated wire is wiped, and a layer 
of liquid zinc removed. [If it were technically and economically feasible to 
increase the temperature of the bath for wire coating to 500°C, it would 
not be necessary to wipe the wire (or at least the wire could be wiped less), 
since because of the increased liquidity of zinc the surface of the coated 
wire would remain sufficiently smooth without wiping, or would require only 
slight wiping. 

The production of zinc deposits with a satisfactory surface finish and 
appreciable thickness would also favorably influence the corrosion 
resistance of zinc-coated wire, since it has been found that the surface layer 
which consists of pure zinc is the most corrosion resistant, and that this 
resistance is greatly reduced by removing the surface layer. 

Usually, the rate of zinc coating of iron wire is so great (the average 
rate of passage of wire is 30—60m/min in a 9-m long bath) that the 
Fes5Zn2; layers are not sufficiently thick to have much influence on the 
strength of the coating, and therefore if the process of zinc coating is 
correctly chosen, especially with reference to rate and temperature, and if 
the wire is correctly treated before the coating process, it is possible to 
obtain sufficiently strong deposits at 450°C also, provided that the deposits 
produced are not too thick. 

On annealed steel wire no FesZn2; layer can be formed at all, and a de- 
crease in the strength of the coating may be due to the intense growth of 
acicular FeZn7 crystals during long-time processes only. 

We must remember that very often the steel wire enters the zinc bath 
after heat treatment involving rapid cooling rates. 

We have found that the structure of deposits is greatly influenced by 
the preliminary heat treatment, and that rapid cooling of steel from 
above the Ac3 point can lead to the formation of an FesZn2q; phase even 
during short-time zinc-coating processes. Therefore, on zinc-coated 
steel wire we can often find deposits with a structure similar to that 
formed on iron. 

The strength of zinc deposits is particularly important for galvanized 
sheet, since the coatings on this are usually thicker than on wire. It has 
been experimentally found that no deposits with a satisfactory strength 
can be formed on sheets obtained from a bath containing only commercially 
pure zinc. Special additions are therefore introduced, chiefly aluminum. 

The structure and the strength of zinc deposits from baths containing 
aluminum will be discussed below. 


§5. Influence of aluminum in zinc baths on the structure 
and strength of zinc coatings: 


It was not the purpose of our research to study the influence of a third 
component on the processes of reactive diffusion between two metals, 
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since this problem has recently been widely investigated by Oknov and 
Gluskin /100/, and also by Gluskin /101/. We shall discuss this problem 
mainly in connection with the practical task of obtaining strong zinc 
deposits, which we shall describe in the next section. We wished to 
clarify the kinetics of the process of zinc coating discussed in the last 
section. We also studied the influence of aluminum on zinc coating. 

The favorable influence of aluminum on the quality of zinc coatings is 
well known. Nevertheless, the nature of this influence, and its dependence 
on the structure of the deposits, are questions which have not yet been 
solved. 

As starting material for our research we used sheets of commercial 
iron containing about 0.1%C, and commercial zinc distilled in vacuo. 
Electrolytic zinc was used for control tests and aluminum 99.5% pure. 

The specimens were 1cm wide and 10—15cm long and were cut from the 
same iron sheet. To study coatings by the electrochemical method we 
used an iron wire containing 0.1% C. 

Before the specimens were coated, they were pickled for 20 minutes in 
a 10% solution of sulphuric acid at 65°C, washed in running water, and then 
covered with a saturated solution of zinc chloride. 

The coatings were studied by microstructural and electrochemical 
methods. The strength was tested by bending the specimens through 180° 
using a wooden hammer (as in the tests carried out in plants). 

First, we studied the structures of deposits formed at 450°C, the 
temperature usually used in industry. 

The addition of up to 0.1% of aluminum to the bath produced no visible 
changes in the structure of the coating, which like the coatings obtained 
from baths of pure zinc consisted of two layers, Fes5Zngq,; and FeZn7. Baths 
containing 0.1% Al produced single-layer coatings ([-phase). 

The FesZnq, layers produced by short-time immersions (20 sec) 
in baths containing 0.1% Al did not cover the whole surface of the article 
but formed separate patches. 

Coatings obtained from baths with 0.2% Al consist of pure zinc with no 
FesZna; or FeZnz7. 

The FesZne,; compound is sometimes formed in baths containing 0.2% Al, 
but only as separate patches covering small areas. No intermetallic phases 
are formed in baths containing from 0.2% to 5% Al. 

The above results indicate that as the content of aluminum in the zinc 
bath is increased, there is some inhibition of the processes of formation of 
iron— zinc alloys, that is of the chemical reaction on the surface leading to 
the formation of FesZng,, and of the solubility of iron in liquid zinc with the 
formation of FeZn7 crystals and a eutectic. It can be assumed that 
aluminum influences the solubility of iron in zinc more than the reaction 
of formation of Fes5Zna\. 

A study of the mechanical strength of deposits showed the following: 

The bending tests on specimens coated in baths of pure zinc always lead 
to peeling of the coating. The same results were obtained with deposits 
coated in baths containing 0.05% Al. Baths containing from 0.1 to 0.2% Al 
produced coatings with better adhesion; peeling was not observed from the 
whole edge of the bent specimens but only from part. Coatings from baths 
with 0.2% Al peeled off only rarely, and then only from small areas. 
Finally, baths with more than 0.2% Al gave coatings which did not peel. 
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A comparison of these results with the data of microstructural analysis 
showed that the strongest coatings are those with no intermetallic layers. 
Such coatings can be produced in a bath containing a certain amount of 
aluminum. We found that for immersions of up to 1 min at 450°C the bath 
must contain at least 0.2% Al. 

Coatings from baths with a lower content of aluminum probably contain 
intermetallic layers, particularly FesZn2,. This will lead to peeling of the 
coating during the formation of sheet. Coatings from baths containing at 
least 0.7% Al have an Al— Zn eutectic layer bordering on the iron. The 
amount of this eutectic increases gradually with increase in the content 
of aluminum in the bath, and covers the whole surface of the article when 
the bath has 5% Al. These data agree with the Al— Zn phase diagram, 
which indicates the start of formation of a eutectic at 1% Al. Thus, iron 
has no influence on the interaction between zinc and aluminum in hot-dip 
zinc coating baths, since aluminum greatly decreases the solubility of iron, 
which passes into the bath in such small amounts that it cannot influence 
the structure of Al— Zn alloys. 

The data of microstructural analysis were supplemented by electro- 
chemical curves of the deposits on iron (0.1 % C) wire formed by the above 
method at 450°C from baths with different contents of aluminum. 
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FIGURE 47. Electrochemical curves of zine coatings obtained 
from baths with different aluminum contents. 


These curves are given in Figure 47. The curves for 0.05% Al have 
two plateaus, apparently corresponding to Fes5Zng, and FeZn;7. The curves 
for 0.1% Al have two plateaus, but the upper one is much shorter. The 
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curve for 0.15% Al has only one plateau corresponding to FesZng;. No 
plateaus were found on the electrochemical curves obtained from baths 
with 0.2% or more Al. Thus, the data 
of electrochemical analysis agree with 
Time ae pean Ecets those of microstructural analysis. | 
In this connection it was interesting to 
find whether the intermetallic compounds 
disappear altogether if the baths contain 
>0.2% Al, or if their formation is hindered 
at elevated temperatures or by long-time 
immersion. This would indicate that 
aluminum does not stop the reaction 
between iron and liquid zinc but only hinders 
the dissolution of iron and the formation 
of Fes5Zn21, that is, it has the same influence 
as other factors we have already discussed. 

To answer this question, we carried out 
experiments in baths containing from 0.2 to 
1% Al at temperatures from 450 to 600°C 
for periods of 30sec to 10min. 

The results indicate that at 600°C the 
Fes5Znq; layer appears soon after immersion, even if the bath contains 
considerable amounts of aluminum. 

To find a quantitative characteristic of the influence of aluminum on the 
formation of intermetallic layers, we determined the minimum immersion 
time which elapses before such layers start to form in all the alloys we 
studied. We call this time the incubation period, and Figure 48 shows the 
dependence of its duration (in minutes) on the content of aluminum in the 
bath at 450, 500, and 600°C. 

From these curves the following conclusion can be drawn: 

1) At a given temperature the incubation period increases with increase 
in the content of aluminum in the bath. 

2) At a given aluminum content in the bath this period decreases with 
increase in the temperature of the bath. Thus, in baths containing 0.4% Al 
the intermetallic layers appear after 7 minutes at 450°C, after 5 minutes 
at 500°C, and after 3 min at 600°C. 

3) For each temperature there is a maximum content of aluminum 
which must not be exceeded if the time for the formation of coatings should 
not be increased. This maximum is lower at higher temperatures of the 
bath. 

These conclusions can be a starting point for determining the amount 
of aluminum that must be added to the bath. 

It has been found that there is a quantitative difference between the 
formation of Fe5Zno; from baths with and without aluminum. In baths of 
pure zinc the Fes5Zn2; compound is not formed immediately but after a 
certain period. The length of this period is influenced by various factors, 
including the temperature of the bath, the structure of the iron articles, 
and the content of aluminum in the liquid zinc bath. 

Aluminum hinders the dissolution of iron in liquid zinc even more than 
the formation of Fes5Zn2;. This has been confirmed, because coatings ob- 
tained from baths with up to 0.1% Al or more do not contain FeZny crystals 
ora (FeZn7+ Zn) eutectic which are signs of the dissolution of iron in 
liquid zinc. 
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FIGURE 48. Influence of aluminum on the 
formation of FeZn;. 
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CONCLUSION 


1. Fora study of the reactive diffusion of metals the principle of this 
phenomenon must be understood. At the beginning of the second part of 
this book we found that there are differences of opinion on the fundamental 
principles of reactive diffusion. Today, no one doubts that diffusion can 
exceed the limits of metal solubility, that is intermetallic phases can 
be formed below the melting point of the reacting metal, but the conditions 
for such processes are still not clear. Some authors believe that the 
formation of intermetallic phases during diffusion is the result of the 
saturation of the solid (or liquid) solution of one metal by another. 

This limitation appears unfounded, since we are convinced that the 
formation of new phases as a result of the interaction between two metals 
can take place irrespective of solubility. In the general case, reactive 
diffusion should be considered as a complex process of the formation of 
phases by a direct chemical reaction (reactive diffusion), or as the result 
of supersaturation of the solid solution. Accordingly, the reactions of 
solid metals with liquid, which we are mainly considering, can produce 
intermetallic compounds in two ways: as a result of an equilibrium (or 
diffusion) when the new phase is produced by supersaturation of the liquid 
solution with the high-melting metal; or as the result of a direct reaction 
in which the new phase is formed on the interface of the two reacting 
metals. There is no doubt that the first process occurs, and that the 
phase with the lowest melting point which is in a state of equilibrium with 
a liquid solution is produced at the beginning of the process.” 

For the second process by which new phases can be formed it is assumed 
that not only the phase with the lowest melting point is formed during the 
first moment of the reaction, but also other phases that may possibly be 
produced under the given conditions. 

Therefore, during a study of reactive diffusion of metals, we were 
concerned chiefly with the physicochemical nature of the phases and the 
sequence of their formation. 

A study of a number of metallic systems has shown that phases which are 
not in a state of equilibrium with the liquid solution can be formed at the 
beginning of the interaction between metals. This proves that reactive 
diffusion can produce intermetallic phases by a direct chemical reaction on 
the surface, irrespective of the conditions of dissolution. This was 
the first conclusion, and we believe a very important one, derived in the 
second part of the book. 


* It is assumed that this phase is formed during the interaction of the solid metal with a liquid. It is also 
possible that a new phase is formed only after the reaction has stopped, that is during the solidification 
and cooling of the liquid left on the surface of the high-melting metal. It is clear that this cannot be 
classified as reactive diffusion since only the saturation of the liquid alloys with the high-melting metal 
occurs during the reaction, or in other words this is a normal diffusion process. 
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Therefore, the interaction between two metals may be the result of: 
either a diffusion process leading to the formation of equilibrium phases 
which on the phase diagram border on the pure starting metals or their 
solid solutions; or a "reactive'' process by which various phases are 
formed irrespective of the condition of the reaction. 

2. The second part of this book (Chapters II and III) describes the 
kinetics of reactive diffusion. 

We first studied the rates of diffusion within the intermetallic phases 
(growth rate). This problem is of practical importance, and it is also 
interesting since it shows the differences between diffusion in ordinary 
solid solutions ("atomic" diffusion) and in intermetallic phases. 

This study has shown that diffusion within intermetallic phases occurs 
in the same way as in solid solutions with lattices of the basis metal. Under 
certain limiting conditions the growth of the diffusion layer is governed by 
a parabolic law ( y2=2pt) where the parameter of the parabola (p) is 
analogous to the diffusion coefficient and differs from it only by a constant 
factor. 

To determine the diffusion coefficient from the parameter of the 
parabola, there is only the Frenkel— Sergeev formula /77/ which is rather 
approximate, From their experimental data on the parameter p for Cu,Zn, 
and FesZno; phases, Frenkel and Sergeev calculated the following diffusion 
coefficients for 400°C: 


for Cu,Zn,;, D=2-10-%cm?/day = 2: 10-8 cm?/sec, 
and for Fe,Zn»,, D= 2-10~*cm?/day = 2-107? cm?/sec. 


Since we believe that as in the case of atomic diffusion the temperature 
dependence of the diffusion coefficient is the best characteristic of the 
intermetallic phases, we studied the dependence of the parameter pon 
temperature, and for a number of systems derived the following experimen- 
tal equation: 


Pp = Ae — Q/RT 


This result shows once again that diffusion processes occur in the 
lattices of solid solutions and of intermetallic compounds, 

The value of Q corresponds to the heat of "loosening,'' both qualitatively 
and quantitatively, and therefore it is the most convenient characteristic 
for comparing diffusion rates in different phases. 

This comparison showed that although for intermetallic phases the 
values of Qare on an average somewhat lower than for ordinary solid 
solutions, they are of the same order of magnitude. It was also found that, 
with a few exceptions, phases with a similar structure (according to the 
Hume -Rothery classification) formed in various metallic systems have 
very similar values of Q, and the small differences are explained well by 
the different melting points. Thus, here too, we have complete agreement 
with the solid solution. 

It should be also pointed out that the experimental determination of the 
values of the diffusion coefficients (parameter p) and of the heat of 
“loosening''Q for diffusion within intermetallic phases is very simple to 
carry out. 
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3. The rate of growth of intermetallic phases determines the kinetics 
of the diffusion in solids. However, if a solid reacts with a liquid, we 
must assume that several processes take place simultaneously. The two 
following are the most important: 1) dissolution of the high-melting metal 
in the liquid, and the formation (by diffusion) of equilibrium phases; 

2) a chemical reaction on the interface leading to the formation of 
reactive’ phases. The kinetics of the action and the final structure of 
the diffusion layer are apparently determined by the rates of these two 
processes. This assumption was the basis for a wide study of the 
reactions between solid and liquid metals in the iron— zinc system. 

In this research we used the ratio between the rates of dissolution and 
chemical reaction on the interface to explain the temperature curve of the 
reactions of iron with zinc (with a characteristic shape which has not yet 
been explained), and the structures formed by these processes. The 
theory we derived generalizes the process by which several different 
structures can be formed. 

The influence of the structure of the basis metal can also be explained 
by the ratios between the rates of dissolution and chemical reaction. 

In the reaction between iron and zinc this influence determines not only 
the nature of the diffusion layer but also the kinetics of the process. This 
is of great practical importance and is discussed in this book. 
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APPENDIX 


WL! 


© 
au fiat aes on 


as 1, Diffusion of Ag PLATE 2, Diffusion in Cu—Zn systems 
in Cd: 


at 430°C for 7hr. X 100. 
a — plane of basis; b— 
plane perpendicular to 
basis. 


PLATE 3, Diffusion in Fe—Zn systems at PLATE 4, Diffusion in Cu — 
430°C for 3hr. X 100. Cd systems at 500°C for 
15min. X 200. 


PLATE 5. Structure of zinc coating PLATE 6. Reaction of iron with zinc: 


according to Scheil and Wiirst 0.15%C; 420°C. X 100. 
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PLATE 7. Reaction of iron with zinc: PLATE 8. Reaction of iron with zinc: 


0.5°C; 420°C. X 100. 0.5%C, 450°C; 1 min quenching in water. X 250. 


PLATE 9. Reaction of iron with zinc: PLATE 10. Reaction of iron with zinc: 


0.6°%C at 450°C; 3min. X 250. 0.15% C at 450°C; 20 min. X 250. 
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EXPLANATORY LIST OF USSR ABBREVIATIONS 
APPEARING IN THIS BOOK 


Abbreviation Full name (transliterated) Translation 
AN SSSR Akademiya Nauk SSSR Academy of Sciences of the 
USSR 

GNGU Gosudarstvennoe Nauchnoe State Scientific Hydrographic 
Gidrograficheskoe Uprav- Administration 
lenie 

GTTI Gosudarstvennoe Izdatel'- State Publishing House of 
stvo Tekhniko- Teoreti- Technical and Theoretical 
cheskoi Literatury Literature 

ONTI Otdel Nauchno- Tekhni- Department of Scientific and 
cheskoi Informatsii Technical Information 

ZhHETF Zhurnal Eksperimental'- Journal of Experimental and 
noi i Teoreticheskoi Theoretical Physics 
Fiziki 

ZhTF Zhurnal Tekhnicheskoi Journal of Technical Physics 
Fiziki 
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